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ZINTL PHASES FOR THERMOELECTRIC 
APPLICATIONS 

CROSS-REFERENCE TO RELATED 

APPLICATIONS 5 

This application claims priority from U.S. Provisional 
Patent Application No. 61/394,409, filed on Oct. 19, 2010, 
which is incorporated herein by reference in its entirety. 

GOVERNMENT RIGHTS 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 USC202) in which the 15 
Contractor has elected to retain title. 

FIELD OF INVENTION 

The present invention relates to the use of advanced ther- 20 
moelectrics for power generation. 

BACKGROUND 

Widespread use of thermoelectric energy generation is lim- 25 
ited both by low efficiency, and by the expense and toxicity of 
current thermoelectric materials (e.g. PbTe). Zintl com- 
pounds are a potential source of environmentally benign, 
inexpensive materials, due to the large variety of allowed 
chemical substitutions and the Earth-abundance of some of 30 
the most common constituents. There is a need in the art for 
Zintl compounds that can be used for thermoelectric energy 
generation. 

SUMMARY OF THE INVENTION 35 

In certain embodiments, the invention teaches a Zintl com- 
pound of the formula A 5 B 2 C 6 , wherein A is selected from the 
group consisting of: Ca, Sr, and Ba; B is selected from the 
group consisting of: Al, In, Ga, and Sn; and C is selected from 40 
the group consisting of: P, As, Sb, and Bi. In some embodi- 
ments, the compound is selected from the group consisting of: 
Sr 5 Al 2 Sb 6 , BajImSbj, Ca 5 Ga 2 As 6 , Ca 5 Al 2 Sb 6 , Ca 5 In 2 Sb 6 , 
Ca 5 Ga 2 Sb 6 , Eu 5 In 2 Sb 6 , Sr 5 In 2 Sb 6 , Ca 5 Sn 2 As 6 , Sr 5 Sn 2 P 6 , 
Ca 5 Al 2 Bi 6 , Sr 5 In 2 Bi 6 , Yb 5 Al 2 Sb 6 , andYb 5 In 2 Sb 6 . In some 45 
embodiments, the composition has a carrier concentration, 
adapted to be controlled by substituting either Na or K on the 
A site. In certain embodiments, the composition has a carrier 
concentration, adapted to be controlled by substituting either 
Mil or Zn on the B site. In some embodiments, the composi- 50 
tion has a carrier concentration, adapted to be controlled by 
substituting either Sn or Ge on the C site. In some embodi- 
ments, the compound is Ca 5 Al 2 Sb 6 . In certain embodiments, 
the compound is Ca 5 _^Na x Al 2 Sb 6 . In certain embodiments, 
0.0<x<1.0. In some embodiments, the composition has a 55 
maximum thermoelectric figure of merit (zT) of greater than 
0.6 at 1,000 K. In some embodiments, the compound is 
Ca 5 Mn x Al 2 .^Sb 6 . In some embodiments, 0.0<x<0.3. In some 
embodiments, the composition has a maximum thermoelec- 
tric figure of merit (zT) of greater than 0.45. In certain 60 
embodiments, the compound is Ca 5 Zn x Al 2 _ x Sb 6 . In certain 
embodiments, 0.0<x<0.2. In some embodiments, the compo- 
sition has a maximum thermoelectric figure of merit (zT) of 
greater than 0.35 at 900 K. In certain embodiments, the com- 
pound is Ca 5 In 2 Sb 6 . In certain embodiments, the compound 65 
is Ca 5 In 2 _ T Zn I Sb 6 . In certain embodiments, 0.0<x<0.2. In 
some embodiments, the composition has a maximum ther- 
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moelectric figure of merit (zT) of about 0.6 at 900 K. In some 
embodiments, the compound is Ca 5 Ga 2 Sb 6 . In some embodi- 
ments, the compound is Ca 5 Ga 2 _ v Zn v Sb 6 . In certain embodi- 
ments, 0.0<x<0.3. In certain embodiments, the composition 
has a maximum thermoelectric figure of merit (zT) of about 
0.35. 

In certain embodiments, the invention teaches a Zintl com- 
pound of the formula A 3 BC 3 , wherein A is selected from the 
group consisting of: Ca, Sr, and Ba; B is selected from the 
group consisting of: Al, In, Ga, and Sn; and C is selected from 
the group consisting of: P, As, Sb, and Bi. In some embodi- 
ments, the compound is selected from the group consisting of: 
Ba 3 GaSb 3 , Sr 3 GaSb 3 , Ba 3 AlSb 3 , Eu 3 GaP 3 , Sr 3 AlSb 3 , 
Ba 3 InAs 3 , Ca 3 AlAs 3 , Ca 3 InP 3 , Ca 3 AlSb 3 , Ca 3 GaAs 3 
Eu 3 InP 3 and Sr 3 InP 3 . In certain embodiments, the composi- 
tion has a carrier concentration, adapted to be controlled by 
substituting an element selected from either Na or K on the A 
site. In certain embodiments, the composition lias a carrier 
concentration, adapted to be controlled by substituting an 
element selected from either Mil or Zn on the B site. In certain 
embodiments, the composition has a carrier concentration, 
adapted to be controlled by substituting an element selected 
from either Sn or Ge on the C site. In some embodiments, the 
compound is Ca 3 AlSb 3 . In certain embodiments, the com- 
pound is Caj.^Na^AlSbj In certain embodiments, 0<x<0.06. 
In certain embodiments, the composition has a maximum 
thermoelectric figure of merit (zT) of greater than or equal to 
0.8 at 1,050 K. 

In certain embodiments, the invention teaches a method for 
manufacturing a compound, including: providing a quantity 
of Ca; providing a quantity of Na, Zn, or Mn; providing a 
quantity of Al; providing a quantity of Sb; loading the ele- 
ments into vials containing balls in a gas filled container; 
milling the reagents into a fine powder; hot pressing the fine 
powder; annealing the resulting substance; and cooling the 
resulting compound. In certain embodiments, the resulting 
compound is of a formula comprising Ca s . x Na^Al 2 Sb 6 . In 
some embodiments, 0.0<x<l .0. In certain embodiments, the 
resulting compound is of a formula comprising Ca 3 . x Na x - 
AlSb 3 . In certain embodiments, 0<x<0.06. In certain embodi- 
ments, the resulting compound is of a formula comprising 
Ca 5 Mn T Al 2 _ T Sb 6 . In certain embodiments, 0.0<x<0.3. In cer- 
tain embodiments, the resulting compound is of a formula 
comprising Ca 5 Zn^Al 2 _ x Sb 6 . In certain embodiments, 
0.0<x<0.2. 

In some embodiments, the invention teaches a method for 
manufacturing a compound, including: providing a quantity 
of In and a quantity of Sb; melting the In and Sb and subse- 
quently quenching with water; providing a quantity of Ca, 
providing a quantity of Zn, providing an additional quantity 
of Sb; loading the elements into vials containing balls in a gas 
filled container; milling the reagents into a fine powder; and 
hot pressing the fine powder. In some embodiments, the 
resulting compound is of a formula comprising Ca 5 In 2 _ x 
Zn T Sb 6 . In certain embodiments, 0.0<x<0.2. 

In certain embodiments, the invention teaches a method for 
manufacturing a compound, including: providing a quantity 
of Ga and a quantity of Sb; melting the Ga and Sb and 
subsequently quenching with water; providing a quantity of 
Ca, providing a quantity of Zn, providing an additional quan- 
tity of Sb; loading the elements into vials containing balls in 
a gas filled container; milling the reagents into a fine powder; 
and hot pressing the fine powder. In certain embodiments, the 
resulting compound is of a formula comprising Ca 5 Ga 2 _ x 
Zn r Sb 6 . In certain embodiments, 0.0<x<0.3. 
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In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
Ca^Na-jAljSbg. In certain embodiments, 0.0<x<1.0. 

In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
Ca 3 _ x Na ;c AlSb 3 . In some embodiments, 0.0<x<0.06. 

In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
CajMn^A^Sbg. In some embodiments, 0.0<x<0.3. 

In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
Ca 5 Zn x Al 2 _ x Sb 6 . In some embodiments, 0.0<x<0.2. 

In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
Ca 5 In 2 . x Zn x Sb 6 . In some embodiments, 0.0<x<0.2. 

In certain embodiments, the invention teaches a thermo- 
electric material, including a compound of the formula: 
Ca 5 Ga 2 _ x Zn x Sb 6 . In some embodiments, 0<x<0.3. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 demonstrates, in accordance with an embodiment of 
the invention, figure of merit of Na-doped Ca 3 AlSb 3 (4xl0 19 
h + /cm 3 ) and Ca 5 Al 2 Sb 6 (2xl0 2 h + /cm 3 ). 

FIG. 2 demonstrates, in accordance with an embodiment of 
the invention, a) The orthorhombic unit cell of Ca 5 Al 2 Sb s 
(Pbam) viewed down the AlSb 4 tetrahedral chains, b) These 
tetrahedral chains are corner-sharing and connect to adjacent 
chains through covalent Sb — Sb bonds. 

FIG. 3 demonstrates, in accordance with an embodiment of 
the invention, scanning electron micrographs of 
Ca 4 75 Na 0 25 Al 2 Sb 6 following hot pressing with a density of 
98% theoretical. Polished (a) and fracture surfaces (b) reveal 
grains as large as 50 pm in diameter. 

FIG. 4 demonstrates, in accordance with an embodiment of 
the invention, powder XRD patterns for Ca 5 . x Na v Al 2 Sb 6 
(x=0, 0.5) and Rietveld fit to the Ca 5 Al 2 Sb 6 structure and 
difference profile for the x=0 pattern. [23]. 

FIG. 5 demonstrates, in accordance with an embodiment of 
the invention, a) EDS measurements suggest Na levels in 
Caj.^Na^ARSbg track the synthetic composition well (dashed 
line) until a maximum Na level of x=0.25 is reached, b) Hall 
effect measurements likewise finds the carrier concentration 
does not exceed 2xl0 20 h + cm -3 . Increasing Na content leads 
to increasing hole concentration, although at a reduced level 
than predicted by simple electron counting (dashed line). 

FIG. 6 demonstrates, in accordance with an embodiment of 
the invention, the resistivity of Caj.^Na^ARSbg decreases 
with increasing Na (and thus h + ) levels. At low carrier con- 
centrations, the conduction is activated, whereas metallic 
conductivity limited by phonon scattering is apparent at high 
carrier concentrations. 

FIG. 7 demonstrates, in accordance with an embodiment of 
the invention, the Hall carrier concentration is constant with 
temperature for all Caj.^Na^ARSbg compositions, suggesting 
the successful formation of heavily doped semiconductors. 

FIG. 8 demonstrates, in accordance with an embodiment of 
the invention, mobility (p) across the Ca 5 _ x Na x Al 2 Sb 6 series 
from Hall effect measurements. Samples with low doping 
levels show some evidence for activated behavior leading to 
an increase in mobility with increasing temperature. The 
decay in mobility at higher temperatures is associated with 
phonon scattering. 

FIG. 9 demonstrates, in accordance with an embodiment of 
the invention, carrier concentration (n) dependence of room 
temperature Seebeck coefficients compared to a single para- 
bolic band model with an effective mass of 2.2 m e 
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FIG. 10 demonstrates, in accordance with an embodiment 
of the invention, high temperature Seebeck coefficients of 
Ca 5 _ x N x Al 2 Sb 6 shows decreasing magnitude with increasing 
carrier concentration (Na doping). 

5 FIG. 11 demonstrates, in accordance with an embodiment 
of the invention, (a) total thermal conductivity and (b) the 
lattice component for Ca 5 _ T Na A Al 2 Sb 6 . The minimum ther- 
mal conductivity is obtained from Eq. 7. By assessing the 
optical mode contribution to the minimum thermal conduc- 
to tivity (k„„„ optical), the experimental acoustic contribution 
can be estimated. 

FIG. 12 demonstrates, in accordance with an embodiment 
of the invention, the high temperature thermoelectric figure of 
merit (zT) increases with increasing temperature. The opti- 
1 5 mization of zT with carrier concentration is described in FIG. 
13. 

FIG. 13 demonstrates, in accordance with an embodiment 
of the invention, experimental zT versus carrier concentration 
at 700K. The solid line was generated using a single parabolic 
20 band model with parameters given in the text. 

FIG. 14 demonstrates, in accordance with an embodiment 
of the invention, a) orthorhombic unit cell of Ca 3 AlSb 3 
(Space group Pnma) viewed in the [010] direction b) Infinite 
chains of comer sharing AlSb 4 tetrahedra. 

25 FIG. 15 demonstrates, in accordance with an embodiment 
of the invention, a) XRD pattern of x=0 sample and Rietveld 
fit using known crystal structures of Ca 3 AlSb 3 and Ca 5 Al 2 
Sb 6 jl4, 18].b)SimilaramountsofCa 5 Al 2 Sb 6 impurityphase 
are observed in all sodium doped samples 
30 FIG. 16 demonstrates, in accordance with an embodiment 
of the invention, scanning electron micrographs of a) polished 
and b) fractured surfaces of the x=0.06 sample reveal high 
density material and approximately 1 pm diameter grains. 
Black dots in (a) are voids revealed by polishing. 

35 FIG. 17 demonstrates, in accordance with an embodiment 
of the invention, microprobe analysis suggests that some 
sodium loss occurs dining synthesis, and that the solubility 
limit of sodium inCa 3 . x Na r AlSb 3 is exceeded for x>0.06 (0.8 
atomic %). Filled symbols indicate Na content of the matrix 
40 phases (Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 ), while unfilled symbols 
represent total Na concentration, including the sodium rich 
impurity phase. 

FIG. 18 demonstrates, in accordance with an embodiment 
of the invention, Hall carrier concentration (300 K) increases 
45 as a function of sodium content, although doping effective- 
ness is less than predicted by charge counting. 

FIG. 19 demonstrates, in accordance with an embodiment 
of the invention, Hall carrier concentration of Ca 3 . x Na x AlSb 3 
as a function of temperature. Doped samples exhibit extrinsic 
50 behavior to 800 K. 

FIG. 20 demonstrates, in accordance with an embodiment 
of the invention, temperature dependence of Hall mobility in 
Ca 3 _ x Na T AlSb 3 suggests an activated mobility at low tem- 
perature, and a mobility limited by phonon scattering at high 
55 temperature. 

FIG. 21 demonstrates, in accordance with an embodiment 
of the invention, resistivity of Ca 3 _ x Na x AlSb 3 as a function of 
temperature for heavily doped samples x=0.03, 0.06, 0.15. 
Inset: Ln[p] versus 1/T forx=0 sample. The high temperature 
60 linear fit results in a band gap of 0.6 eV using poce £s/2Kir . 

FIG. 22 demonstrates, in accordance with an embodiment 
of the invention, experimental Seebeck coefficients of 
Ca 3 x Na x AlSb 3 as a function of carrier concentration. The 
dotted line was generated using a single parabolic band 
65 approximation and an effective mass of 0.8 m e . 

FIG. 23 demonstrates, in accordance with an embodiment 
of the invention, high temperature Seebeck coefficients of 
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Ca 3 _ T Na x AlSb 3 show degenerate behavior for the extrinsi- 
cally doped, p-type compositions. 

FIG. 24 demonstrates, in accordance with an embodiment 
of the invention, top panel: Calculated band structure of 
Ca 3 AlSb 3 . Bottom panel: Magnified band structure at the top 
of the valence band. The highest carrier concentration 
obtained experimentally corresponds to ~0. 1 eV below the 
valence band edge. The blue, yellow, and green dashed curves 
are parabolas with effective masses of 0. 15, 0.75, and 0.9 m c . 

FIG. 25 demonstrates, in accordance with an embodiment 
of the invention, a) EDD line-scans show charge accumula- 
tion and depletion along a chain-forming A1 — Sb bond 
(green), and two distinct A1 — Sb bonds perpendicular to the 
chains (blue and orange), b) Representative Ca — Sb bonds 
(site designations correspond to ref. [14]). 

FIG. 26 demonstrates, in accordance with an embodiment 
of the invention, EDD isosurfaces show a) accumulation b) 
and depletion regions, c) Electron density map of valence 
band edge (-0.1 eV). Images are projections along [010] (left 
side) and [201] (right side) directions. 

FIG. 27 demonstrates, in accordance with an embodiment 
of the invention, density of states of Ca 3 AlSb 3 reveals a band 
gap at the Fermi level with a valence band edge dominated by 
Sb p states. The inset highlights interacting A1 — Sb states. 

FIG. 28 demonstrates, in accordance with an embodiment 
of the invention, a) total thermal conductivity of Ca 3 . v Na v - 
AlSb 3 (x=0, 0.03, 0.06, 0.15). b) k z exhibits 1/T temperature 
dependence (upper curve). At high temperatures, k z +k a 
approaches the glassy limit (lower curve). 

FIG. 29 demonstrates, in accordance with an embodiment 
of the invention, high temperature figure of merit of 
Ca 3 . r Na,AlSb 3 yields a maximum value of 0.8 at 1050 K. 

FIG. 30 demonstrates, in accordance with an embodiment 
of the invention, experimental zT versus carrier concentration 
for Ca 3 . T Na r AlSb 3 . The dashed line was generated using a 
single parabolic band model, with an effective mass of 0.8 m e , 
and intrinsic mobility 1 5 cm 2 /V s and lattice thermal conduc- 
tivity of 0.78 W/mK. 

FIG. 31 demonstrates, in accordance with an embodiment 
of the invention, (a) the calculated Ca 5 Al,Sb 6 band structure 
shows a direct gap at X. The valence band edge consists of 
two nested hole pockets with band masses between 0.25 and 
2 me, depending on the direction. The dashed lines at -0.08 
and -0.13 eV correspond to 1 and 5xl0 20 h*/cm 3 , respec- 
tively. (b) the density of states of Ca 5 Al 2 Sb 6 shows that the 
material is a semiconductor with Sb p states as the dominant 
influence near the valence band edge. 

FIG. 32 demonstrates, in accordance with an embodiment 
of the invention, room temperature Hall carrier concentra- 
tions increase with dopant concentration for Mn-, Zn-, and 
Na-doped Ca 5 A12Sb 6 . In practice, Na and Mn are not Hilly 
activated dopants relative to the predicted relationship assum- 
ing one free hole per dopant atom (solid line). 

FIG. 33 demonstrates, in accordance with an embodiment 
of the invention, experimental Seebeck coefficients at 300 
and 700 K of Mil-, Zn-, and Na-doped Ca 5 Al 2 Sb 6 . Dashed 
curves were generated using a single parabolic band model 
with an effective mass of 1 .8 m e and 2.0m e for 300 K and 700 
K, respectively. 

FIG. 34 demonstrates, in accordance with an embodiment 
of the invention, an XRD pattern of a polycrystalline slice of 
the x=0.05 sample, Rietveld fit using the known Ca 5 In 2 Sb 6 
structure, and difference profile. Peaks belonging to an uni- 
dentified secondary phase are marked with asterisks. 

FIG. 35 demonstrates, in accordance with an embodiment 
of the invention, a) backscattered electron image of a polished 
surface of Ca 5 In 1 9 Zn 0 jSb 6 showing representative phase 
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fractions of Ca 5 In 2 Sb 6 (grey), a secondary phase (light grey), 
and pores (black), b) fracture surface of the same sample 
reveals grain sizes on the order of 1 pm. 

FIG. 36 demonstrates, in accordance with an embodiment 
5 of the invention, with increasing Zn content, the Hall carrier 
concentration at 300 K in Ca 5 In 2 _ v Zn A Sb 6 increase as pre- 
dicted by simple chaige counting (dashed line) until x=0.1. 

FIG. 37 demonstrates, in accordance with an embodiment 
of the invention, a) increasing carrier concentration in 
to undoped Ca 5 In 2 Sb 6 is characteristic of an intrinsic semicon- 
ductor. b) Upon doping, the temperature dependence of p 
transitions from insulating to metallic behavior, c) The Hall 
mobility decreases both with temperature and Zn content. 

FIG. 38 demonstrates, in accordance with an embodiment 
15 of the invention, high temperature Seebeck coefficients of 
Ca s In 2 _ v Zn T Sb 6 display increasingly linear behavior and 
decreased magnitude with increased Zn concentration. 

FIG. 39 demonstrates, in accordance with an embodiment 
of the invention, Seebeck coefficients decrease as a function 
20 of n predicted by a single parabolic band model (dashed 
curves). Effective masses of 2.0 m e (at 300 K and 500 K) and 
1.8 m e (at 700 K) were calculated from the experimental a 
and n of the x=0.05 sample. 

FIG. 40 demonstrates, in accordance with an embodiment 
25 of the invention, a) the total thermal conductivity and b) the 
combined lattice and bipolar thermal conductivity of Ca 5 
In 2 _ x Zn x Sb 6 . The inset shows the temperature dependence of 
the Lorenz numbers in units of 10 s W/W K~ 2 , calculated 
using an SPB model. 

30 FIG. 41 demonstrates, in accordance with an embodiment 
of the invention, the figure of merit of Ca 5 In 2 _ r Zn T Sb 6 
samples is comparable to Na-doped Ca 5 Al 2 Sb 6 within the 
measured temperature range. 

FIG. 42 demonstrates, in accordance with an embodiment 
35 of the invention, predicted by an SPB model, the figure of 
merit at 700 K is optimized at carrier concentrations in the 
low 10 2O,s . 

FIG. 43 demonstrates, in accordance with an embodiment 
of the invention, the carrier concentration in Ca 5 Ga 2 . x Zn % Sb 6 
40 (x=0, 0.05, 0.1, 0.2, 0.3) increases monotonically with Zn 
content until x=0.2. 

FIG. 44 demonstrates, in accordance with an embodiment 
of the invention, temperature dependence of resistivity tran- 
sitions from insulating to metallic with increasing Zn content. 
45 FIG. 45 demonstrates, in accordance with an embodiment 
of the invention, the Seebeck coefficient as a function of 
temperature. 

FIG. 46 demonstrates, in accordance with an embodiment 
of the invention, lattice thermal conductivity of Ca 5 Ga 2 . x 
50 Zn T Sb 6 (x=0, 0.05, 0.2). 

FIG. 47 demonstrates, in accordance with an embodiment 
of the invention, lattice thermal conductivities of bulk ther- 
moelectric materials trend with both density and unit cell 
complexity. Zintl compounds CA 3 AlSb 3 and Yb 14 AlSb n 
55 have lattice thermal conductivities among the lowest reported 
lattice thermal conductivities in non-nanostructured materi- 
als. 

DESCRIPTION OF THE INVENTION 

60 

All references cited herein are incorporated by reference in 
their entirety as though fully set forth. Unless defined other- 
wise, technical and scientific terms used herein have the same 
meaning as commonly understood by one of ordinary skill in 
65 the art to which this invention belongs. In certain instances, 
the specification teaches loading elements into vials and mill- 
ing the elements into a fine powder. In preferred embodi- 
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ments, multiple different elements are loaded into a single 
vial, and therefore the plural term “vials” refers to the vials 
used to generate multiple samples. 

The Zintl compounds Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 are inter- 
esting due to their complex crystal structures and their poten- 5 
tial for permitting a wide variety of chemical substitutions. 
Both crystal structures are characterized by parallel chains of 
covalently bound AlSb 4 tetrahedra, packed between Ca 2+ cat- 
ions. Due to the relative Ca deficiency, (and therefore electron 
deficiency) of Ca 5 Al 2 Sb 6 , additional bonds form between the 10 
AlSb 4 chains, resulting in the ladder-like structure shown in 
FIG. 2. Carrier concentration control via Na 1+ doping on the 
Ca 2+ site has been demonstrated in both systems, resulting in 
improved thermoelectric performance. In addition to demon- ; . 
strating Na doping on the Ca site in Ca 5 Al 2 Sb 6 , the inventors 
have also demonstrated the use of both Zn and Mn as dopants 
ontheAl site. Mn 2+ and Zn 2+ replace the Al 3+ ions, resulting 
in one free hole per substitution. 

Resistivity measurements disclosed herein indicate that 20 
undoped Ca 5 Al 2 Sb 6 is a charge balanced semiconductor with 
a band gap of 0.5 eV, consistent with Zintl-Klemm charge 
counting rules. Substituting divalent calcium with monova- 
lent sodium leads to the formation of free holes and a transi- 
tion from insulating to metallic electronic behavior is 25 
observed. Seebeck measurements yield a hole mass of ~2 m e , 
consistent with a structure containing both ionic and covalent 
bonding. The structural complexity of Zintl compounds has 
been implicated in their unusually low thennal conductivity 
values. Indeed, Ca 5 Al,Sb 6 possesses an extremely low lattice 30 
thermal conductivity (0.6 W/mK at 850 K) which approaches 
the minimum thermal conductivity limit at high temperature. 

A single parabolic band model is developed and predicts 
Ca 4 75 Na 0 . 25 Al 2 Sb 6 possesses a near-optimal carrier concen- 
tration for thermoelectric power generation and a zT>0.6 is 35 
obtained at 1000 K. Beyond thermoelectric applications, the 
semiconductor Ca 5 Al 2 Sbg possesses a one-dimensional 
covalent structure which is amenable to interesting magnetic 
interactions when appropriately doped. 

The present invention also discloses sodium doped 40 
Ca 3 AlSb 3 as an Earth-abundant, not-toxic material with high 
thermoelectric efficiency for waste heat recovery. Ca 3 AlSb 3 
is found to be a charge-balanced semiconductor, as expected 
from Zintl charge counting conventions. The high tempera- 
ture p-type electronic behavior of the doped samples is well 45 
described by a single parabolic band model. Electronic struc- 
ture calculations reveal a valence band edge containing 
nested parabolic bands, which are dominated by Sb p states. 
The lattice thennal conductivity of Ca 3 AlSb 3 is exceptionally 
low (0.6 W/mK at 1 050 K), approaching the amorphous limit 50 
at high temperatures. At 1050 K, a maximum zT of 0.8 is 
obtained, attributed to a combination of low lattice thermal 
conductivity and a band gap sufficiently large to delay the 
detrimental effect of minority carriers on the Seebeck coeffi- 
cient until high temperatures. 55 

Based upon the analysis and findings disclosed herein, 
good thermoelectric behavior is anticipated following carrier 
concentration optimization in the closely related A 5 B 2 C 6 and 
A 3 BC 3 Zintl compounds listed in Table 1 disclosed herein, 
where: “A”=Ca, Sr, Ba; “B”=A1, In, Ga, Sn; and “C”=P, As, 60 
Sb, Bi. As further disclosed herein, carrier concentration con- 
trol can be accomplished by substituting Na or K on the “A” 
site; Mn or Zn on the “B” site; Sn or Ge on the “C” site. 

In fact, the inventors have investigated Ca 5 In 2 Sb 6 and 
Ca 5 Ga 2 Sb 6 , both of which are iso-structural analogues to 65 
Ca 5 Al 2 Sb 6 . Both materials are found to be intrinsic semicon- 
ductors with low lattice thennal conductivity, and have been 
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doped, as disclosed herein, with Zn 2+ on the Ga 3+ or In 3+ site 
to control carrier concentration. 

Unless otherwise stated, carrier density and carrier concen- 
tration are used interchangeably in the instant disclosure. 

In some embodiments, the numbers expressing quantities 
of ingredients, properties such as molecular weight, reaction 
conditions, and so forth, used to describe and claim certain 
embodiments of the application are to be understood as being 
modified in some instances by the term “about.” Accordingly, 
in some embodiments, the numerical parameters set forth in 
the written description and attached claims are approxima- 
tions that can vary depending upon the desired properties 
sought to be obtained by a particular embodiment. In some 
embodiments, the numerical parameters should be construed 
in light of the number of reported significant digits and by 
applying ordinary rounding techniques. Notwithstanding that 
the numerical ranges and parameters setting forth the broad 
scope of some embodiments of the application are approxi- 
mations, the numerical values set forth in the specific 
examples are reported as precisely as practicable. 

In certain embodiments, the present invention teaches a 
Zintl compound, of the formula: A 5 B 2 C 6 . In some embodi- 
ments, “A” is selected from the group consisting of: Ca, Sr, 
and Ba; “B” is selected from the group consisting of: Al, In, 
Ga, and Sn; and “C” is selected from the group consisting of: 
R As, Sb, and Bi. In some embodiments, the compound is 
selected from the group consisting of: Sr 5 Al 2 Sb 6 , Ba 5 In 2 Sb 6 , 
Ca 5 Ga 2 As 6 , Ca 5 Al 2 Sb 6 , Ca 5 In 2 Sb 6 , Ca 5 Ga,Sb 6 , Eu 5 In 2 Sb 6 , 
Sr 5 In 2 Sb 6 , Ca 5 Sn 2 Asg, Sr 5 Sn 2 P 6 , Ca 5 Al 2 Bi 6 , Sr 5 In 2 Bi 6 , 
Yb 5 Al 2 Sb 6 , and Yb 5 In,Sb 6 . In an embodiment, the com- 
pound is Ca 5 Al 2 Sb 6 . In an embodiment, the compound is 
Ca 5 In 2 Sb 6 . In tin embodiment, the compound is Ca 5 Ga 2 Sb 6 . 
One of skill in the art would readily appreciate that alternative 
compounds with similar properties could be substituted for 
those disclosed above. 

In some embodiments, the carrier concentration in the 
above compounds is controlled by substituting an element 
selected from the group consisting of: Na, K and the like on 
the “A” site, and/or Mn, Zn and the like on the “B” site, and/or 
Sn, Ge, and the like on the C site. In certain embodiments, the 
formula for the compound is Cag.^Na^AljSbg. In certain 
embodiments, 0.0<x<l .0. In certain embodiments, the com- 
pound has a maximum thermoelectric figure of merit (zT) of 
greater than 0.6 at 1,000 K. In certain embodiments, the 
formula for the compound is Ca 5 Mn,Al 2 . x Sb 6 . In certain 
embodiments, 0.0<x<0.3. In certain embodiments, the for- 
mula for the compound is Ca 5 Zn A Al 2 . x Sb 6 . In certain 
embodiments, 0.0<x<0.2. In some embodiments, the formula 
for the compound is Ca 5 In 2 _ x Zn^Sb 6 . In certain embodiments, 

O. 0<x<0.2. In some embodiments, the compound has a maxi- 
mum thermoelectric figure of merit (zT) of about 0.6 at 900 K. 
In certain embodiments, the formula for the compound is 
CajGa^Zn^Sbg. In certain embodiments, 0.0<x<0.3. 

In certain embodiments, the present invention teaches a 
Zintl compound, of the formula: A 3 BC 3 . In some embodi- 
ments, “A” is selected from the group consisting of: Ca, Sr, 
and Ba; “B” is selected from the group consisting of: Al, In, 
Ga, and Sn; and “C” is selected from the group consisting of: 

P, As, Sb, and Bi. 

In certain embodiments, the compound is selected from the 
group consisting of: Ba 3 GaSb 3 , Sr 3 GaSb 3 , Ba 3 AlSb 3 , 
Eu 3 GaP 3 , Sr 3 AlSb 3 , Ba 3 InAs 3 , Ca 3 AlAs 3 , Ca 3 InP 3 , 
Ca 3 AlSb 3 , Ca 3 GaAs 3 Eu 3 InP 3 and Sr 3 InP 3 . In an embodi- 
ment, the compound is Ca 3 AlSb 3 . In some embodiments, the 
carrier concentration in the above compound is controlled by 
substituting an element selected from the group consisting of: 
Na, K, and the like on the “A” site, and/or M 11 , Zn and the like 
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on the B site, and/or Sn, Ge and the like on the C site. In 
certain embodiments, the formula of the compound is 
Ca 3 _ x Na x AlSb 3 In certain embodiments, 0.0<x<0.06. In some 
embodiments, the compound has a maximum thermoelectric 
figure of merit (zT) of greater than or equal to 0.8 at 1050 K. 

In certain embodiments, a quantity of one selection each of 
“A”, “B” and “C” from above are provided, with or without 
one or more substitute elements described above. The 
reagents are loaded into vials containing balls in a gas filled 
container. The reagents are milled into a fine powder. The 
resulting powder is then hot pressed. The resulting product is 
then annealed and subsequently cooled. Hie vials used in the 
above process can be made of stainless steel. One of skill in 
the art would readily appreciate that the vials may be made of 
other substances with similar properties, suitable for the 
inventive process. Likewise, this aspect of the inventive pro- 
cess could readily be accomplished by a number of equivalent 
means. In some embodiments, the balls are made of stainless 
steel. In other embodiments, the balls are made of other 
substances with similar properties, suitable for this aspect of 
the inventive process. In some embodiments, the box is a 
glove box. One of skill in the art would readily appreciate the 
box could be any container of suitable dimensions and char- 
acteristics to perform the required milling. In some embodi- 
ments, the gas is argon. One of skill in the art would readily 
appreciate that other gases with similar properties could be 
used in the alternative. In certain embodiments, the mixtures 
are milled for 1 hour. One of skill in the art would readily 
appreciate the mixtures could be milled for 1 -2 hours. Milling 
can be accomplished using a SPEX Sample Prep 8000 Series 
Mixer/Mill. One of skill in the art would readily appreciate 
that the milling could be accomplished with other similar 
devices, with similar characteristics and/or like function. In 
certain embodiments, the fine powder that results from the 
ball milling is hot pressed in high density graphite dies 
(POCO). In some embodiments, 1 .4 tons of force is used on a 
12 mm diameter surface. One of skill in the art would readily 
appreciate that alternative amounts of force could be effec- 
tively applied. Merely by way of example, 1-1.5 tons of force 
can be used. In some embodiments, a maximum temperature 
of 973 K is applied for 2 hours during hot pressing. In other 
embodiments a maximum temperature of between 800-1 100 
K is applied for 2-8 hours during hot pressing. In certain 
embodiments, the hot pressing is followed by a stress free 
anneal at 873 K and a 3 hour cool down under vacuum. In 
other embodiments, a stress-free anneal at a temperature of 
between 600-900 K is applied for 1-2 hours. One of skill in the 
art would readily appreciate that different temperatures and 
pressures could be used in order to synthesize the compounds 
of the present invention using the aforementioned methods, or 
methods similar thereto. 

In certain embodiments, compounds of the formula 
Ca 5 _ x Na x Al,Sb 6 , 0.0<x<1.0 are synthesized by ball milling 
elemental reagents followed by hot pressing. Starting with 
99.99% Ca dendrites, 99.95% Na chunks, 99% A1 shot, and 
99.5% Sb lumps, the elements are loaded into stainless steel 
vials with stainless steel balls in an argon filled glove box. The 
mixtures are milled for 1 hour using a SPEX Sample Prep 
8000 Series Mixer/Mill. The fine powder that results from 
ball milling is hot pressed in high density graphite dies 
(POCO) using 1 .4 tons of force on a 12 nun diameter surface. 
A maximum temperature of 973 K for 2 hours in aigon is used 
during hot pressing, followed by a stress-free anneal at 873 K 
and a 3 hour cool down under vacuum. One of skill in the art 
would readily appreciate that compounds of the formulas 
Ca 5 Mn x Al 2 _ x Sb 6 , 0.0<x<0.3 and Ca 5 Zn x Al 2 _ x Sb 6 , 0.0<x<0.2 
could be made using substantially the same protocol above, 
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merely by substituting appropriate quantities of the requisite 
materials to achieve the desired results. 

For compounds of the formula Ca 5 In 2 _ x Zn x Sb 6 , 0.0<x<0.2, 
InSb is formed as a precursor by melting 99.999% In shot 
5 from Alpha Aesar and 99.5% Sb lumps from Sigma- Aldrich 
in vacuum sealed, carbon-coated quartz ampoules at 600 C 
for 10 h, and then quenching in water. Stoichiometric 
amounts of the crushed InSb precursor, 99.99% Ca dendrites, 
99.99% Zn shot, and 99.5% Sb lumps from Sigma-Aldrich 
to are loaded into stainless-steel vials with stainless-steel balls 
in an aigon-filled glove box. The contents are dry ball-milled 
for 1 h using a SPEX Sample Prep 8000 Series Mixer/Mill. 
The resulting fine powder is hot-pressed in high-density 
graphite dies (POCO) in argon using 110 MPa of pressure. 
1 5 Before applying pressure, samples are held for 2 h at 723 K to 
ensure complete reaction of any remaining InSb, then con- 
solidated for 3 h at 973 K, followed by a 3 h stress-free cool 
down. 

One of skill in the art would readily appreciate that com- 
20 pounds of the formula CajGa^-Zn^.Sbg, 0.0<x<0.3, could be 
made using substantially the same protocol above, merely by 
substituting appropriate quantities of the requisite materials 
to achieve the desired results. 

In certain embodiments, compounds of the formula 
25 Ca 3 _ x Na v AlSb 3 , 0<x<0.06, are synthesized by ball milling 
elemental reagents followed by hot pressing. Starting with 
99.99% Ca dendrites, 99.95% Na chunks, 99% A1 shot, and 
99.5% Sb lumps, the elements are loaded into stainless steel 
vials with stainless steel balls in an argon filled glove box. The 
30 mixtures are mil led for 90 minutes using a SPEX Sample Prep 
8000 Series Mixer/Mill. The fine powder that results from 
ball milling is hot pressed in high density graphite dies 
(POCO) using 1 .2 tons of force on a 1 2 mm diameter surface. 
A maximum temperature of 973 K for 2 hours in argon is used 
35 during hot pressing, followed by a stress-free anneal at 873 K 
and a 3 hour cool down under vacuum. Care is taken at every 
step to avoid oxidation of the powder. 

In some embodiments, the invention teaches a method of 
using a Zintl compound of the formula A 5 B 2 C 6 as a thermo- 
40 electric material, where: “A” is selected from the group con- 
sisting of: Ca, Sr and Ba; “B” is selected from the group 
consisting of: Al, In, Ga and Sn; and “C” is selected from the 
group consisting of: P, As, Sb and Bi. In some embodiments, 
carrier concentration control can be accomplished by substi- 
45 tilting Na, K or the like on the “A” site, and/or Mn, Zn or the 
like on the “B” site, and/or Sn, Ge or the like on the “C” site. 

In some embodiments, the Zintl compound used as a ther- 
moelectric material is selected from the group consisting of: 
Sr 5 Al 2 Sb 6 , Ba 5 In 2 Sb 6 , Ca 5 Ga 2 As 6 , Ca 5 Al 2 Sb 6 , Ca 5 In 2 Sb 6 , 
50 Ca 5 Ga 2 Sb 6 , Eu 5 In 2 Sb 6 , Sr 5 In 2 Sb 6 , Ca 5 Sn 2 As 6 , Sr 5 Sn 2 P 6 , 
Ca 5 Al 2 Bi 6 , Sr 5 In 2 Bi 6 , Yb 5 Al 2 Sb 6 , and Yb 5 In 2 Sb 6 . In some 
embodiments, the compound is a compound listed in Table 1 
or Table 3. 

In some embodiments, the invention teaches a method of 
55 using a Zintl compound of the formula A 3 BC 3 as a thermo- 
electric material, where: “A” is selected from the group con- 
sisting of: Ca, Sr and Ba; “B” is selected from the group 
consisting of: Al, In, Ga and Sn; and “C” is selected from the 
group consisting of: P, As, Sb and Bi. In some embodiments, 
60 carrier concentration control can be accomplished by substi- 
tuting Na, K or the like on the “A” site, and/or Mn, Zn or the 
like on the “B” site, and/or Sn, Ge or the like on the “C” site. 

In some embodiments, the Zintl compound used as a ther- 
moelectric material is selected from the group consisting of: 
65 Ba 3 GaSb 3 , Sr 3 GaSb 3 , Ba 3 AlSb 3 , Eu 3 GaP 3 , Sr 3 AlSb 3 , 
Ba 3 InAs 3 , Ca 3 AlAs 3 , Ca 3 InP 3 , Ca 3 AlSb 3 , Ca 3 GaAs 3 
Eu 3 InP 3 and Sr 3 InP 3 . 
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In some embodiments, the invention teaches a method of 
using a compound of a formula comprising Ca 5 _ r Na x Al 2 Sb 6 
as a thermoelectric material. In some embodiments, 

0.0<x<1.0. 

In some embodiments, the invention teaches a method of 5 
using a compound of a formula comprising CajMn^Alj^Sbg 
as a thermoelectric material. In some embodiments, 

0.0<x<0.3. 

In some embodiments, the invention teaches a method of 
using a compound of a formula comprising CajZn^A^^Sbg to 

as a thermoelectric material. In some embodiments, 

0.0<x<0.2. 

In some embodiments, the invention teaches a method of 
using a compound of a formula comprising Ca 5 In 2x Zn x Sb 6 as 
a thermoelectric material. In some embodiments, 0.0<x<0.2. 15 

In some embodiments, the invention teaches a method of 
using a compound of a formula comprising CagGa^Zn^Sbg 
as a thermoelectric material. In certain embodiments, 
0.0<x<0.3. 

In some embodiments the invention teaches using a com- 20 
pound of a formula comprising Ca 3 _ x Na x AlSb 3 as a thermo- 
electric material. In some embodiments, 0.0<x<0.06. 

In certain embodiments of the invention, one or more ther- 
moelectric materials disclosed herein are used in a thermo- 
electric device. In some embodiments, a temperature gradient 25 
is applied to the thermoelectric device and electrical energy is 
collected. In some embodiments, electrical energy is applied 
to the thermoelectric material and heat is transferred from a 
first space at a first operation temperature to a second space at 
a second operation temperature, wherein the first operation 30 
temperature is lower than the second operation temperature. 

Merely by way of example, thermoelectric modules 
including those made of materials disclosed herein are used to 
harness waste heat from automotive exhaust (500 K-800 K.) to 
produce electricity and reduce CO, emissions. 35 

One skilled in the art will recognize many methods and 
materials similar or equivalent to those described herein, 
which could be used in the practice of the present invention. 
Indeed, the present invention is in no way limited to the 
methods and materials described. 40 

The following examples are for illustrative purposes only 
and are not intended to limit the scope of the disclosure or its 
various embodiments in any way. 

EXAMPLES 45 

Example 1 

Advanced Thermoelectrics for Power Generation 

50 

Hall measurements indicate that Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 
are charge-balanced semiconductors, as predicted by Zintl 
valence-counting. Doping with sodium induces free holes, 
resulting in a maximum hole (h + ) carrier concentration of 
4xl0 19 h + /cm 3 inCa 3 AlSb 3 and 2xl0 2O h + /cm 3 inCa 5 Al 2 Sb 6 55 
respectively. The doped Ca 5 Al 2 Sb 6 samples exhibit degener- 
ate behavior, with resistivity that increases with temperature 
due to acoustic phonon scattering. In contrast, Ca 3 AlSb 3 
samples have an activated carrier mobility, which results in 
resistivity that decreases with temperature up to 600 K. Con- 60 
sistent with hall measurements, both compounds have large, 
positive Seebeck coefficients, which increase with increasing 
temperature. From resistivity measurements and the Seebeck 
coefficients, band gaps for Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 are esti- 
mated to be 0.5 eV and 0.6 eV respectively. 65 

Despite the large difference in average grain size (50 
microns and 1 micron), the thermal conductivities of 
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Ca5Al 2 Sb 6 and Ca 3 AlSb 3 and are nearly identical, obeying 
the 1/T dependence expected for umklapp scattering. Both 
compounds were found to have extremely low lattice thermal 
conductivities (-0.6 W/mK at 700 K), approaching the amor- 
phous limit at high temperature. This low lattice thermal 
conductivity appears to arise from the low group velocity of 
the optical modes and Umklapp scattering of the acoustic 
modes. 

The low lattice thermal conductivities of these compounds, 
combined with band gaps sufficiently large to delay the onset 
of minority carrier activation to high temperatures, result in 
excellent thermoelectric performance. The figure of merit of 
Ca 5 Al 2 Sb 6 peaks at 0.6 at 1000 K, while that of Ca 3 AlSb 3 
peaks at 0.8 at 1060 K. In both cases, the most heavily doped 
samples resulted in the highest zT values. Due to the delete- 
rious effect of minority carrier activation at high temperature, 
it is likely that higher zT values will be obtained if higher 
carrier concentrations can be reached. However, in both 
Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 the obtainable carrier concentra- 
tions are restricted by the solubility limit of Na. 

New Zintl Phases 

There are several attractive opportunities for improving the 
zT of Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 . These include increasing 
carrier concentrations by using a different dopant type, 
increasing mobility at low temperatures by reducing grain 
boundary oxidation, and increasing mass density in an 
attempt to further decrease lattice thermal conductivity. 

Both systems stand to benefit from increased carrier con- 
centrations, which may shift the peak zT to higher tempera- 
tures by delaying the onset of minority carrier activation. In 
addition, from electronic structure calculations performed by 
Espen Flage-Larson at the University of Oslo, the inventors 
expect to find a heavy band at slightly higher hole concentra- 
tions in the Ca 3 AlSb 3 system. This may lead to a larger effec- 
tive mass and an enhanced Seebeck coefficient. 

With this in mind, the inventors pursue synthesis and char- 
acterization of Zn-doped Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 . To date, 
Zn doped Ca 5 Al 2 Sb 6 has been synthesized, and a maximum 
carrier concentration of 4xl0 20 has been obtained. Future 
work will include doping Ca 3 AlSb 3 with Zn, and fully char- 
acterizing both Zn-doped systems. 

Na-doped Ca 3 AlSb 3 and Zn-doped Ca s Al 2 Sb 6 exhibit an 
activated mobility at temperatures below 600 K, most likely 
due to oxidation. This results in reduced conductivity, and 
therefore reduced zT, especially at low temperatures. By care- 
ful processing, the inventors are likely to be able to decrease 
grain boundary oxidation, and therefore increase mobility 
and conductivity. 

While not wishing to be bound by any one particular 
theory, the low thermal conductivity of Ca 3 AlSb 3 and 
Ca 5 Al 2 Sb 6 is perhaps their most promising characteristic. To 
improve understanding of the thermal properties of these 
materials, dilatometry measurements at JPL, combined with 
speed of sound measurements, will be used to determine their 
Gruneisen parameters. This will allow more accurate model- 
ing of lattice thermal conductivity. In addition, it may be 
possible to reduce the lattice thermal conductivity in both 
compounds by substituting heavier elements on the Ca, Al, or 
Sb sites. 

Good thermoelectric behavior, following carrier concen- 
tration optimization, is anticipated in the closely related 
A 5 B 2 C 6 and A 3 BC 3 Zintl compounds shown in the table 
below. Here, “A”=Ca, Sr, Ba; “B”=A1, In, Ga, Sn; and “C”=P, 
As, Sb, Bi. Carrier concentration control canbe accomplished 
by substituting Na or K on the “A” site; Mn or Zn on the “B” 
site; Sn or Ge on the “C” site. 
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TABLE 1 



Compound 

Anionic Moieties 

Ref 

Transport Literature 


Sr 5 Al 2 Sb 6 

spiral chains of comer sharing 
tetrahedra 

[62] 



Ba 5 In 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[62] 



C a 5 Ga 2 As g 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

P] 



Ca 5 Al 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[63] 

Inventors’, Na doped 


Ca 5 In 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[1] 



Ca 5 Ga 2 Sb 6 

ladders formed from comer sharing 
tetrahedra and Sb — Sb bonds 

[1] 



Eu 5 In 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[2] 

YES, Zn doped 


Sr 5 In 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[1] 



Ca 5 Sn 2 As 6 

chains of comer charing AlSb 4 
tetrahedra 

[4] 



Sr 5 Sn 2 P 6 

chains of comer charing AlSb 4 
tetrahedra 

[5] 



Ca 5 Al 2 Bi 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[63] 



Sr 5 In 2 Bi 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[6] 



Yb 5 Al 2 Sb 6 

ladders formed from corner sharing 

m, 

Yes- 



tetrahedra and Sb — Sb bonds 

[8] 



Yb 5 In 2 Sb 6 

ladders formed from corner sharing 
tetrahedra and Sb — Sb bonds 

[9] 

YES, undoped 


Ba 3 GaSb 3 

pairs of edge sharing AlSb 4 
tetrahedra 

[10] 



Sr 3 GaSb 3 

spiral chains 

[11] 



Ba 3 AlSb 3 

pairs of edge sharing AlSb 4 
tetrahedra 

[12] 



Eu 3 GaP 3 

pairs of edge sharing AlSb 4 
tetrahedra 




Sr 3 AlSb 3 

pairs of edge sharing AlSb 4 
tetrahedra 

[61] 



Ba 3 InAs 3 

chains of comer charing AlSb 4 
tetrahedra 

[13] 



Ca 3 AlAs 3 

chains of comer charing AlSb 4 
tetrahedra 

[12] 



Ca 3 InP 3 

chains of comer charing AlSb 4 
tetrahedra 

[10] 



Ca 3 AlSb 3 

chains of comer charing AlSb 4 
tetrahedra 

[63] 

Inventors’, Na doped 


Ca 3 GaAs 3 

chains of comer charing AlSb 4 
tetrahedra 

[10] 



Eu 3 InP 3 

chains of comer charing AlSb 4 
tetrahedra 

[14] 

magnetic properties 


Sr 3 InP 3 

chains of comer charing AlSb 4 
tetrahedra 

[11] 


Additional promising materials: 



Anion moiety 

Ref 

TE literature 


KSb 2 

edge sharing Sb hexagons 

[38] 



K 3 Sb 

isolated Sb 3- 

[36, 





39] 



KSb 

chiral chains of (Sb-) n 

40, 





41] 



BaSb 2 

zig-zag chains of (Sb 1- )„ 

[42, 





43] 



BaSb 3 

slabs of covalently bound Sb 




Ba 5 Sb 4 

isolated Sb 3- and Sb 2 dimers 

[45, 





46] 



Ba 2 Sb 3 

Sb 8- 6 chains 

[47, 





48] 





[49] 



Ba u Sb 10 

isolated Sb 3- and Sb 4_ 2 dimers 

[56] 


0D 

Ca 5 Sb 3 

Sb 3 “ 

[57] 


0D 

Ca n Sb 10 

Sb 2 4- and Sb 3- 

[58] 


ID 

CaSb 2 

Sb 1- zig-zag chains 

[59] 


OD 

Ca 14 AlSb n 

Sb 3 7 " AlSb/-, Sb 3 " 

[60] 


OD 

K 3 Cs 6 AlSb 4 

AlSb 3 6 - and Sb 3 " 



2D 

Na 7 Al 2 Sb 5 

slabs of corner-sharing AlSb 4 

[64] 



tetrahedra 
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TABLE 1 -continued 


2D 

Na 7 Al 2 Sb 3 

slabs of comer-sharing AlSb 4 
tetrahedra 

[65] 

3D 

KAlSb 4 

AlSb 4 tetrahedra linked via comer 
sharing and Sb — Sb bonds 

[66] 

3D 

AlSb 

corner-sharing AlSb 4 tetrahedra (zinc 
blende) 

[67] 


Example 2 10 

Experiments I 

The Zintl compound Ca 5 Al 2 Sb 6 for Low Cost 
Thermoelectric Power Generation Introduction 15 

The thermoelectric efficiency of a material is governed by 
its figure of merit zT (zT=a 2 T/pK). High efficiency is 
obtained in materials that simultaneously possess a large 
Seebeck coefficient (a), low electrical resistivity (p), and low 20 
thermal conductivity (k). [1] Heavily doped semiconductors 
(carrier concentrations ranging from 10 19 to 10 21 carriers/ 
cm 3 ) generally contain the most favorable combination of 
these three properties. To date, much of the focus in thermo- 
electrics has been on binary semiconductors with significant 25 
covalent character (PbTe, Bi 2 Te 3 ). 

Zintl compounds have emerged as a promising class of 
materials for thermoelectrics. [2-9] Zintls are composed of 
electropositive cations (alkali, alkaline-earth or rare earth) 
that donate their electrons to anions, which in turn form 30 
covalent bonds to satisfy valence. Many recently explored 
materials have exhibited good thermoelectric efficiency, aris- 
ing from either high electronic mobility (CeCoFe 3 Sb 12 , 
YbZn 2 Sb 2 ) or low lattice thermal conductivity (Yb 14 AlSb u , 
and Ba 8 Ga 1(3 Ge 3 0 ). 35 

Most undoped Zintl compounds are charge balanced semi- 
conductors with resistivity decaying with increasing tem- 
perature (associated with carrier activation). As good thermo- 
electric performance is realized in heavily doped 
semiconductors, carrier concentration control in Zintl com- 40 
pounds is crucial. For example, carrier concentration tuning 
has been demonstrated in the Yb 14 AlSb n system with Mu 2 * 
or Zn 2+ on the Al 3+ site as well as co-doping with La 3 * on the 
Yb 2+ site. [6, 10, 11] 

Some nominally undoped Zintl compounds also exhibit 45 
metallic behavior, presumably due to nonstoichiometry or the 
absence of a complete band gap (semimetals). For example, 
nominally undoped YbZn 2 Sb 2 samples have exhibited carrier 
concentrations in excess of 10 2 ° h + /cm~ 3 . [12-14] YbZn 2 Sb 2 
appears to be a heavily doped semiconductor due to nonsto- 50 
ichiometry, rather than a semimetal, as the Seebeck coeffi- 
cient is large and shows a clear loss of degeneracy at high 
temperature. In contrast, the metallic behavior in YbjjSbjg 
appears to arise from the absence of a band gap, as expressed 
in the low, compensated Seebeck coefficient. [15] Among the 55 
AjjMPm, compounds, transport behavior indicative of both 
semimetallic and semiconducting band structures has been 
observed. [16-19] 

Two structure types are formed by A 5 M 2 Pn 6 compounds: 
the Ca 5 Ga 2 Sb 6 and Ba 5 Al 2 Bi 6 structures. In both of these 60 
structures, corner-sharing chains of MPn 4 tetrahedra are 
bridged by Pn 2 dumbells to form infinite double chains (“lad- 
ders”) which are parallel to each other. Differences in atomic 
radii leads to the development of two different chain packing 
configurations. The anionic building block is (Al 2 Sb 6 ) -10 65 
while 5A +2 atoms are situated between the chains, providing 
overall valence balance. Valence counting in these anionic 


chains finds two Sb -1 bridging across the chains, two Sb -1 
from the corner-sharing tetrahedra, and two Sb -2 which are 
only bound to the aluminum. Hie two aluminum are each 
bound to four antimony, yielding a formal valence of -1 . 

Within the Ca 5 Ga 2 Sb 6 structure type, the transport proper- 
ties of Eu 5 In 2 Sb 6 has been previously investigated. [20] 
Undoped samples showed a decreasing resistivity with tem- 
perature, indicative of carrier activation across a band gap. 
Alloying Zn onto the In site successfully yielded a sample 
with metallic transport properties. In the related Ba 5 ALBi 6 
structure type, Yb 5 Al 2 Sb 6 and Yb 5 In,Sb 6 have been investi- 
gated. [2 1 , 22] In both cases, metallic behavior was observed 
for nominally undoped materials. Optical measurements of 
Yb 5 In 2 Sb 6 yielded a band gap between 0.2-0.4 eV. [21] 

In this work, the inventors pursued high temperature mea- 
surements of Ca 5 _ r Na,Al 2 Sb, 5 , of structure type Ca 5 Ga 2 Sb 6 . 
This is a particularly attractive Zintl compound for reasons 
both fundamental and applied. On a fundamental level, there 
is a need to explore Zintl compounds which structurally 
bridge between the isolated (0D) covalent moieties of 
Yb J4 MnSb, 2 and the covalent slabs (2D) of AZn 2 Sb 2 (A=Ca, 
Sr, Yb, Eu). The variety of ID chain structures intheA 5 M,Pn 6 
and A 3 M Pn 3 compounds enable such comparisons. As well, 
these materials allow further exploration of trends in band 
mass, mobility, and lattice thermal conductivity in Zintl anti- 
monides. From an application perspective, good thermoelec- 
tric performance in Caj.^Na^AESbij would be attractive, as 
the constituents are reasonably nontoxic and abundant. 

Example 3 
Synthesis 

Ca 5 _ x Na x Al 2 Sb 6 (x=0, 0.05, 0.25, 0.5, and 1.0) samples 
were prepared by ball milling elemental reagents followed by 
hot pressing. Starting with 99.99% Ca dendrites from Sigma- 
Aldrich, and from Alpha Aesar: 99.95% Na chunks, 99% A1 
shot, and 99.5% Sb lumps, the elements were loaded into 
stainless steel vials with stainless steel balls in a argon filled 
glove box. The mixtures were milled for 1 hour using a SPEX 
Sample Prep 8000 Series Mixer/Mill. The fine powder that 
resulted from ball milling was hot pressed in high density 
graphite dies (POCO) using 1.4 tons of force on a 12 mm 
diameter surface. A maximum temperature of 973K for 2 
hours in argon was used during hot pressing, followed by a 
stress-free anneal at 873K and a 3 hour cool down under 
vacuum. 

Example 4 
Characterization 

Following hot pressing, the resulting polycrystalline ingots 
were sliced into disks (1 mm thick, 12 nun diameter) and the 
high temperature transport properties were characterized to 
850K under dynamic vacuum at the Caltech thermoelectrics 
laboratory. Electrical resistivity was determined using the van 
der Pauw technique and the Hall coefficient was measured 
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with a 2 T field and pressure-assisted contacts. The Seebeck 
coefficient was measured using Chromel-Nb thermocouples 
and by allowing the temperature gradient across the sample to 
oscillate from +/-10 K. A Netzsch LFA 457 was used to 
measure thermal diftusivity and the heat capacity was esti- 5 
mated using the method of Dulong-Petit. Powder XRD pat- 
terns were measured on a Philips XPERT MPD diffractome- 
ter operated at 45 kV and 40 mA. 

The x=0.25 composition was additionally characterized to 
1050K using the thermoelectric laboratory at the Jet Propul- to 
sion Laboratory. Uiese instruments are similar to those found 
at Caltech, the details of these measurements can be found in 
Ref. [6]. 

Example 5 15 

Results and Discussion 

Hot pressing of intrinsic Ca 5 Al 2 Sb 6 and Na doped samples 
yielded high density polycrystalline ingots (>98% theoreti- 20 
cal). Sample cross sections were investigated with scanning 
electron microscopy (SEM), which confirmed the high den- 
sity of these samples, with few pores observed (FIG. 3). 
Despite the moderate pressure and temperature used during 
hot pressing, average grains sizes were found to be in excess 25 
of 10 pm by SEM. 

No secondary phases were observed by EDS or backscat- 
tering mode SEM imaging. EDS analysis found Na in all 
alloyed samples, however a plateau in Na content was 
observed above x=0.25 (FIG. 5a). The dashed line in FIG. 5 a 30 
shows the expected sodium content from the nominal syn- 
thetic stoichiometry. For compositions above x=0.25, an uni- 
dentified secondary phase was extruded out of the die during 
pressing. This suggests the material expelled during pressing 
was sodium rich, consistent with the variety of low melting 35 
phases in the Na — Sb and Na — A1 phase diagram. 

X-ray diffraction (XRD) patterns of polycrystalline slices 
of Cas^Na^ALSbg were subject to Rietveld refinement using 
the known structure (Pbam). FIG. 4 shows two representative 
patterns: x=0 and 0.5. [23] Additionally, FIG. 4 shows the fit 40 
and difference profile for the x=0 phase. No secondary phases 
were observed in any of the XRD patterns. Na was selected as 
a dopant for Ca due to the similar ionic radii; it is thus not a 
surprise that no trend in unit cell parameters was observed 
with Na doping. 45 

Electronic Properties 

In undoped Ca 5 Al 2 Sb 6 , the inventors found decreasing 
resistivity with increasing temperature (FIG. 6a), suggesting 
carrier activation across a band gap. Fitting the high tempera- 
ture behavior of the undoped sample (o«:exp(E g /2kT) for an 50 
intrinsic semiconductor), a band gap of 0.5 eV is obtained, 
similar to that obtained from Yb ]4 AlSb l , (0.5 eV). [6] 

With low sodium doping (x=0.05), a decreasing resistivity 
with increasing temperature is likewise observed. Hall effect 
measurements yield the Hall carrier concentration (n H =l/ 55 
R^e, with Hall coefficient R^ and electric charge e). A slight 
rise in carrier concentration with temperature (FIG. 7) is 
observed with Hall effect measurements in doped samples. 
The temperature dependence of the resistivity for x=0.05 
arises from this slight carrier activation and the thermally 60 
activated carrier mobility (FIG. 9). The activated mobility 
may arise from the presence of a resistive grain boundary 
phase such as an oxide or may be due to carrier localization. 

At high doping levels (x>20.25, the electrical resistivity is 
linear at high temperature (FIG. 6b) and the Hall carrier 65 
concentration is approximately temperature independent 
(FIG. 7). Generally, the mobility decays with increasing tem- 
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perature, associated with phonon scattering. At low tempera- 
tures, the mobility shows a slightly positive slope and the 
resistivity briefly shows a negative slope with temperature. 
These observations suggest the activation effect in sample 
x=0.05 is again present, albeit at a lower level, in the samples 
here. 

Extrinsic doping of Ca 5 Al 2 Sb 6 with sodium clearly yields 
a material with the properties of a heavily doped semicon- 
ductor. FIG. 5b shows the relationship between doping level 
and chemical carrier concentration (n) with increased alloy- 
ing. The dashed line represents the theoretical n vs EDS x, 
calculated using Zintl-Klemm charge counting rules. The 
carrier concentration for samples above x=0.25 plateaued at 
2xl0 20 cm -3 . The measured carrier concentration is lower 
than expected from the EDS composition. While not wishing 
to be bound by any one particular theory, this difference may 
be due to compensating impurities which reduce the doping 
efifectivity. Alternatively, extended defects may fonn which 
involve additional anionic bonding, thereby reducing the 
effective hole concentration. 

The Seebeck coefficient of the nominally undoped sample 
is positive and reasonably large in magnitude, typical for 
nominally undoped Zintl antimonides. [6] The effect of Na- 
doping, and thus increasing carrier concentration, on the See- 
beck coefficient is shown at 300K in FIG. 9. As generally 
expected, increased carriers leads to a decrease in Seebeck 
coefficient. Further analysis incorporates solutions to the 
Boltzmann transport equation within the relaxation time 
approximation. In the absence of minority carrier properties, 
a single parabolic band model is utilized. This model uses Eq. 
1 and 2 to relate the Seebeck coefficient to the carrier con- 
centration via the chemical potential (r|) with X=0 (acoustic 
phonon scattering). Here, F 7 (r|) is the Fermi integral Eq 3, 
with 'C the reduced carrier energy. The dashed curve was 
generated using this single parabolic band model at room 
temperature with an effective mass (m* of 2.2 m e ). Good 
agreement is found with the measured room temperature 
Seebeck coefficients, suggesting a single parabolic band rea- 
sonably describes the valence band edge. 


k( (2 + X)F 1+k {tj) 1 

(1) 

a ~e{ (l+VFiW V 


(2m*kT\l 

n=47r ( * J F ^ n) 

(2) 

r°° v dc 

^ Jo 1 + ExpR - tj] 

(3) 


The high temperature Seebeck coefficients as functions of 
temperature are shown in FIG. 10. The nominally undoped 
sample shows a decaying Seebeck coefficient with increasing 
temperature, as carrier activation dominates transport. Lin- 
early temperature dependent Seebeck coefficients are 
obtained with extrinsic doping, as expected for degenerate 
semiconductors. At high temperature, the Seebeck coefficient 
reaches a broad maximum due to minority carrier activation. 
From the maximum temperature and associated Seebeck 
coefificent, a thermal band gap of -0.4 eV is calculated 
(E^eW[24] 

Thermal Properties 

The thermal conductivity was calculated with K=DC p d 
where D is thermal diffusivity, C p is heat capacity, and d is 
density. Here, the measured density and the Dulong-Petit 
approximation to the heat capacity (C p =0.33 J g _1 K _1 ) were 
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used. At high temperature anharmonic and electronic terms 
will provide slight additional contributions, as seen in 
Yb 14 MnSb u and La 3 Te 4 . [25, 26] The electronic thermal 
conductivity, K e , is estimated here using the Wiedemann- 
Franz relationship (K e =LT/p). The temperature dependent 5 * 
Lorenz numbers were calculated using a single parabolic 
band model (Eq. 4, transport limited by acoustic phonon 
scattering), where the reduced Fermi energy is a function of 
the experimental Seebeck coefficient. Due to relatively low 
doping levels, K e is minimal and the thermal conductivity 10 
(l^K^+K^+Kg) is dominated by the lattice (k^) and bipolar 
contributions (Kg). Minimal bipolar effects are observed 
within the temperature range investigated. The total and lat- 
tice thermal conductivity are shown in part a and b of FIG. 11 ; . 
respectively. 


J / iF< > (r))F 2 (r))-2F l (ri) 2 
e 2 F 0 (r,) 2 

Ultrasonic measurements at 300K yield longitudinal and 
transverse speeds of sounds of p.,-4093 m/s; p,=2399 m/s. Eq. 
5 yields a mean speed of sound of 2660 m/s (g„„ Eq. 5 ) . These 
values are -14% higher than the Zintl antimonide SrZn 2 Sb 2 . 
Such a difference can be readily rationalized; from the differ- 
ence in density (d), an increase of 15% in the speed of sound 
(p=(B/d) 1/2 ) would be anticipated if the bulk moduli (B) of 
SrZn 2 Sb 2 and CajALSb^ are identical. From the speed of 
sound values, an effective Debye temperature of 257K is 
obtained from Eq. 6. 



h2vr 3 


(5) 


35 


v m h< 6 k 2 

VD = — -rr 
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scattering. At high temperatures, Umklapp scattering leads to 
a near-minimum acoustic phonon mean free path. 

The low thermal conductivity in Ca 5 Al 2 Sb 6 thus appears to 
arise from the low group velocity of the optical modes and 
Umklapp scattering of the acoustic modes. Further reduction 
in k z could come from nanostructures to further suppress the 
acoustic mean free path and the investigation of A 5 M 2 Pn 6 
compounds with higher mass densities. 

Thermoelectric Figure of Merit 

From the high temperature transport measurements dis- 
cussed above, the thermoelectric figure of merit (zT) can be 
estimated. FIG. 12 shows zT curves calculated for the x=0- 
0.25 compositions. A maximum zT value in excess of 0.6 is 
obtained at 1000 K. 

From the transport data, a single parabolic band model can 
be developed to determine the optimum carrier concentration. 
Flere, the inventors have focused on transport at 700K, to 
avoid any error associated with thermally-induced minority 
carriers. The measured properties of the x=0.25 sample were 
used as inputs into Eq. 1 and 2 to yield an effective mass of 1 .9 
m c . To determine the carrier concentration dependence of the 
mobility, Eq. 8 is used (yielding a \i a of 4.7 cm 2 V" 1 s' 1 )- A 
constant value of the lattice thermal conductivity is used 
(0.76Wm- 1 K- 1 ), regardless of doping level . The result of this 
model is shown in FIG. 13, and yields good agreement with 
experiment across the measured carrier concentration regime. 
Note that this model is limited by the assumption of a single 
parabolic band. Considering the effects of minority carriers, 
this is likely a slight underestimation of the optimum carrier 
concentration. Above 1000 K, samples with greater doping 
should yield higher zT than the x=0.25 sample by remaining 
degenerate to higher temperatures. 


= F0 


(1 /2 + 2A)F2A.-i/2(>?) 
(1 + A )Fn(tj) 


( 8 ) 


At high temperatures, FIG. 11 b shows that k l approaches 
the minimum thermal conductivity (K m( „ dashed line) calcu- 
lated from Eq. 7. Such a low thermal conductivity likely arises 
from the structural complexity of Ca 5 Al 2 Sb 6 . The vast major- 
ity of the heat capacity is in high frequency optical modes 45 
with near zero group velocity. The contribution of these 
modes to the thermal conductivity can be estimated using the 
expression for minimum thermal conductivity (Eq. 7). To 
isolate the optical contribution to the high frequency 
edge of the acoustic branch 


Beyond good thermoelectric performance, Ca s Al 2 Sb 6 is 
intriguing for magnetic investigations as the A1 site should be 
suitable for transition metal substitution (as previously seen 
inYb 14 AlSb 11 ). [6, 27] While not wishing to be bound by any 
one particular theory, potentially, such materials could 
exhibit dilute magnetic semiconductor behavior or low 
dimensional magnetic behavior mediated by the anionic 
topology. 

Example 6 
Conclusions 



, N = 26 atoms/primitive cell 


55 


sets the lower bound to the integral. Uiis optical K min is shown 
as the dotted line in FIG. 11 b. 
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* V 
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r dx 


With this approximation for the optical contribution, the 65 
acoustic contribution is k £ -k mi „, optica i- The decay in K acoustic 
with increasing temperature arises from increased Umklapp 


Inspired by the excellent thermoelectric perfonnance of 
Yb 14 MnSb 11; this investigation of the high temperature trans- 
port properties of Ca 5 Al 2 Sb 6 reveals good thermoelectric per- 
formance and generally highlights the potential for Zintl 
compounds as thennoelectrics. The transport behavior of 
Ca 5 Al 2 Sb 6 is quite similar to YE, 4 MnSb, l5 with a large effec- 
tive mass, low mobility, and low lattice thermal conductivity 
arising from structural complexity. The carrier concentration 
varies monotonically as a function of chemical dopant con- 
centration and can reach levels associated with optimum per- 
formance (10 20 cm -3 ). The large band gap (-0.5 eV) and low 
cost, light, nontoxic materials suggest that Ca 5 Al 2 Sb 6 -based 
materials could be ideal for high temperature waste heat 
recovery. 
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Additional Data 

Further insight into the intrinsic electronic transport behav- 5 
ior of Ca 5 Al 2 Sb 6 is obtained front the electronic structure 
calculations. For thermoelectric materials, such calculations 
reveal the band mass, m * band , and degeneracy, N v , near the 
band edge. Here, m* band is determined by parabolic param- 
eterization. The SPB effective mass, m*, and m* barld are 10 
related via the band degeneracy according to (m*) 3/2 =N v 
(va* band f 12 . As the mobility is determined by m* band , high 
band degeneracy is desirable in thermoelectric materials. 

Consistent with the experimental results above, simple 15 
electron counting suggests Ca 5 Al 2 Sb 6 should be a semicon- 
ductor. The calculated band structure and density of states of 
Ca 5 Al 2 Sb 6 are shown in FIG. 31a and reveal a direct band gap 
of 0.15 eV at the X point. In the upper valence and lower 
conduction band, the main contributions to the density of 20 
states are the Sb p- and Ca d-states. As there is negligible A1 
contribution to the band edges, rigid band behavior can be 
expected when Zn is substituted for A1 . This is consistent with 
the inventors’ experimental observation that Zn has minimal 
effect on m*. 25 

The calculated band structure reveals nested bands at the X 
point, leading to a doubly degenerate band edge. An addi- 
tional doubly degenerate band is found ~0. 1 eV into the band, 
between T and Y. The energies corresponding to carrier con- 
centrations of 1 and 5xl0 20 cm -3 are shown in FIG. 31 b. The 30 
pocket of bands at ~0. 1 eV and the anharmonicity away from 
the intrinsic band edge may lead to a breakdown of the SPB 
model at high doping concentrations. 

Example 8 35 

Zn- and Mn-Doped Ca 5 Al 2 Sb 6 

In addition to Na doping on the Ca site in Ca 5 Al 2 Sb 6 , the 
inventors have investigated both Zn and Mn as dopants on the 40 
A1 site. Mn 2+ and Zn 2+ replace the Al 3+ ions, resulting in one 
free hole per substitution. 

Samples were prepared using the same methods described 
forNa-doped Ca 5 Al 2 Sb 6 . Ca 5 Mn v Al 2 _ 1 Sb 6 (x=0.05, 0.1, 0.2, 
0.3) samples were dense, and had grain sizes similar to those 45 
of Na-doped Ca 5 Al 2 Sb 6 . However, they contained about 5% 
of two different minority phases; CaSb 2 and Ca^Sh^,. 
Ca 5 Zn x Al 2 . x Sb 6 (x=0.02, 0.05, 0.1, 0.2) samples were less 
dense, and had smaller grain size. 

Hall measurements at room temperature show that the 50 
p-type carrier concentration in Zn-doped samples agrees well 
with the predicted concentration, as shown in FIG. 32. The 
highest hole concentration (4.5xl0 211 in Ca 5 Zn 02 Al 1 8 Sb 6 ) 
was twice that obtained in Na-doped Ca 5 Al 2 Sb 6 . Mn doping 
resulted in less than predicted hole concentrations, similar to 55 
the trend observed in Na-doped Ca 5 Al 2 Sb 6 . 

As reported for Na-doped Ca 5 Al 2 Sb 6 , Mn- and Zn-doped 
Ca 5 Al 2 Sb 6 exhibit a transition from non-degenerate semicon- 
ducting behavior with increased dopant-concentration; 
lightly doped samples have resistivities that decrease with 60 
temperature, and Seebeck coefficients that roll over at low 
temperatures. Heavily doped samples exhibit increasing 
resistivity and Seebeck coefficients across the measured tem- 
perature range. 

Hie Pisarenko plot shown in FIG. 33 illustrates the depen- 65 
dence of the Seebeck coefficient on carrier concentration in 
Na-, Mn-, and Zn-doped Ca 5 Al 2 Sb 6 . Within the measurement 
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variation expected, Ca 5 Al 2 Sb 6 appears to be well described 
by a single parabolic band model (dashed curves), regardless 
of dopant type. 

At optimum carrier concentrations, zT values in Zn- and 
Mn -doped Ca 5 Al 2 Sb 6 are slightly lower than that obtained in 
Na-doped Ca 5 Al 2 Sb 6 . This is attributed to lower mobility 
found in Zn-doped samples (likely due to small grain size), 
and variability in each measurement. However, both dopants 
have the advantage of being less reactive than Na, and Zn 
allows for superior carrier concentration control. 

Example 9 

Iso-Structural Compounds; Ca 5 In 2 Sb 6 and 

Ca 5 Ga 2 Sb 6 

The inventors have investigated Ca 5 In 2 Sb 6 and 
Ca s Ga 2 Sb 6 , both of which are iso-structural analogues to 
Ca 5 Al 2 Sb 6 . Both materials are found to be intrinsic semicon- 
ductors with low lattice thermal conductivity, and have been 
doped with Zn 2+ on the Ga 3+ or In 3+ site to control carrier 
concentration. 

Details: Ca 5 In 2 Sb 6 

This study investigates the electronic and themial proper- 
ties of Ca 5 In 2 _ x Zn x Sb 6 (x=0, 0.02, 0.05, 0.1, 0.2). Zn 2+ acts as 
a p-type dopant on the In 3+ site in the otherwise charge- 
balanced Ca 5 In 2 Sb 6 (analogous to Zn-doped Ca 5 Al,Sb 6 ), 
allowing the study of a wide range of carrier concentrations. 
The inventors have used solutions to the Boltzmann transport 
equation, assuming rigid, single parabolic band behavior to 
analyze transport data and estimate the optimum carrier con- 
centration for this system. 

Example 10 
Synthesis 

InSb was formed as a precursor by melting 99.999% In 
shot from Alpha Aesar and 99.5% Sb lumps from Sigma- 
Aldrich in vacuum sealed, carbon-coated quartz ampoules at 
600 C for 1 0 h, and then quenching in water. Stoichiometric 
amounts of the crushed InSb precursor, 99.99% Ca dendrites, 
99.99% Zn shot, and 99.5% Sb lumps from Sigma-Aldrich 
were loaded into stainless-steel vials with stainless-steel balls 
in an argon-filled glove box. The contents were dry ball- 
milled for 1 h using a SPEX Sample Prep 8000 Series Mixer/ 
Mill. The resulting fine powder was hot-pressed in high- 
density graphite dies (POCO) in argon using 110 MPa of 
pressure. Before applying pressure, samples were held for 2 h 
at 723 K to ensure complete reaction of any remaining InSb, 
then consolidated for 3 h at 973 K, followed by a 3 h stress- 
free cool down. 

Results 

The phase purity of the hot-pressed CajIn^Zn^Sbg (x=0, 
0.02, 0.05, 0.1, 0.2) samples was determined by X-ray dif- 
fraction (XRD) and scanning electron microscopy (SEM). 
FIG. 34 shows a representative XRD pattern, a Rietveld fit 
using the known crystal structure of Ca 5 In 2 Sb 6 , and the dif- 
ference profile. Two minority phase peaks are visible in the 
XRD pattern of each sample (marked by asterisks in FIG. 34). 
These peaks are consistent with SEM analysis, which 
revealed approximately l-3\% of a secondary phase, visible 
as -1 00 mn white flecks in the backscatter electron image in 
FIG. 35a. While these are too small for EDS measurements, 
their brightness indicates that they are Ca-poor relative to 
Ca 5 In 2 Sb 6 . 
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The samples’ geometric densities range from 95-97% of 
the theoretical density (4.90 g/cm 3 for pure Ca 5 In 2 Sb 6 ), con- 
sistent with the fraction of pores observed in SEM analysis. 
SEM images of fracture surfaces (FIG. 35 b) reveal grain sizes 
on the order of a few microns. This is similar to Zn-doped 5 
Ca 5 Al 2 Sb 6 samples, but small compared to both Na- and 
Mn-doped Ca 5 Al 2 Sb 6 , which had average grains sizes of 
50-100 microns. Attempts to increase the grain size in 
Ca 5 In 2 Sb 6 by doubling the hot pressing time did not lead to 
appreciable improvements. No trends were observed in den- to 
sity, grain size, or phase purity as a function of Zn concentra- 
tion. 

Electronic Transport Properties 

Like Ca 5 Al 2 Sb 6 , Ca 5 In 2 Sb 6 should be an intrinsic semi- 
conductor, assuming that it has a band gap. In practice, nomi- 15 
nally undoped Ca 5 In 2 Sb 6 samples are found to be lightly hole 
doped (n=5xl0 18 h + /cm 3 ) at room temperature, likely due to 
impurities or slight deviations from stoichiometry. Upon dop- 
ing, simple charge counting predicts that each Zn 2+ on an In 3+ 
site will lead to one free hole. The resulting relationship 20 
between carrier concentration (n) and x is shown as dashed 
line in FIG. 36. Room temperature Hall measurements reveal 
that n increases according to the predicted trend at low doping 
levels, but diverges downwards for x>0. 1 (FIG. 36). Potential 
explanations for this reduced doping effectiveness include 25 
low Zn solubility, compensating defects, or extended lattice 
defects involving additional covalent bonds. 

Shown in FIG. 37 a, the carrier concentration of undoped 
Ca 5 In 2 Sb 6 increases strongly as a function of temperature, 
likely due to activation of minority carriers across the band 30 
gap. This leads to the decrease in resistivity (p ) with tempera- 
ture shown in FIG. 31b, which is characteristic of intrinsic 
semiconductors. The discontinuity in the Hall and resistivity 
measurements at 725 K. is most likely due to the phase change 
confirmed by DSC measurements in both undoped and doped 3 5 
Ca 5 In 2 Sb 6 . As no hysteresis is observed on cooling from 973 
K, the phase change is presumably reversible. A rough esti- 
mate of the band gap can be obtained from pn«e £g/2K:r , if the 
decreasing resistivity at high temperature (T>800 K) is 
assumed to be due to thermal activation of carriers. The inven- 40 
tors obtained a slightly smaller band gap than that estimated 
for CajARSbg (-0.6 eV). As illustrated in FIG. 37a, n 
increases and becomes less temperature dependent with 
increasing Zn content, but still shows evidence of thermal 
carrier activation at high temperatures. Correspondingly, the 45 
resistivity decreases by two orders of magnitude, and the 
temperature dependence transitions from insulating to metal- 
lic. 

The Hall mobility (p), calculated from p=l/ne, is shown in 
FIG. 37c. At room temp, the mobility of undoped Ca 5 In 2 Sb 6 50 
is nearly twice that of Ca 5 Al 2 Sb 6 , although it decreases rap- 
idly with temperature. In doped samples, p at room tempera- 
ture is twice that of Zn-doped Ca 5 Al 2 Sb 6 which has similar 
grain size. In both doped and undoped samples, the tempera- 
ture dependence of p at high temperatures is consistent with 55 
acoustic phonon scattering (p°cT -v ), where v ranges from 1.5 
to 2.5). At lower temperatures, additional scattering mecha- 
nisms are necessary to explain both the flattened temperature 
dependence in Zn-doped samples, as well as the sharp drop in 
p as a function of Zn content. 60 

Consistent with the inventors understanding of Ca 5 In 2 Sb 6 
as an undoped, narrow-band gap semiconductor, undoped 
material has a large, positive Seebeck coefficient, which 
decreases with temperature due to thermally activated of 
minority carriers (FIG. 38). With doping, the transition from 65 
non-degenerate to degenerate behavior leads to a decrease in 
the magnitude of the Seebeck coefficients, as well as a more 
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linear temperature dependence. The temperature and magni- 
tude at which the Seebeck coefficient “rolls over” can be used 
as an additional tool (E g =2 e a max l max ) to estimate the 
thermal band gap. This estimate suggests that Ca 5 In 2 Sb 6 has 
a smaller band gap than Ca 5 Al 2 Sb 6 , confirming the trend 
deduced from resistivity measurements. The smaller band 
gap in Ca 5 In 2 Sb 6 can be understood qualitatively in terms of 
the electronegativity difference between A1 and In (1.61 and 
1.78 respectively). Electronic structure calculations have 
shown that A1 states dominate the conduction band edge in 
Ca s Al 2 Sb 6 . Replacing A1 with the more electronegative In 
decreases the energy of the anti-bonding states at the conduc- 
tion band edge, reducing E g . 

FIG. 39 illustrates the dependence of the Seebeck coeffi- 
cient on n, which is determined by the geometry of the 
valence band. The solid curves show the predicted depen- 
dence at selected temperatures, assuming a parabolic valence 
band edge. This model utilizes classic solutions to the Bolt- 
zmann transport equations within the relaxation time 
approximation, and assumes that acoustic phonons are the 
dominant scattering source. A more complete description of 
this single parabolic band (SPB) model can be found in the 
following sources. In practice, the valence band edge of 
Ca 5 In 2 Sb 6 likely resembles that of Ca 5 Al 2 Sb 6 , which is dou- 
bly degenerate at the Gamma point. The effective mass of 
Ca s In 2 Sb 6 , as determined by an SPB model (2 m e at 300 and 
500 K, and 1.8 m e at 700 K) is similar to that found in 
Ca 5 Al 2 Sb 6 . This is intuitive, since the valence band edge is 
dominated by Sb states, and should not be significantly 
altered by the substitution of In for Al. 

The calculated band structure of Ca 5 Al 2 Sb 6 suggests that 
significant deviations from parabolic should occur at energies 
corresponding to less than 5xl0 20 h + /cm 3 , due both to addi- 
tional bands and flattening of the bands contributing to trans- 
port. No deviations from the SPB model are observed within 
the investigated doping levels in Ca 5 In 2 . r Zn x Sb 6 , although if 
its valence band structure is similar to the Al analogue, ben- 
eficial effects may be realized at higher carrier concentra- 
tions. 

Thermal Transport Properties 

Due primarily to the complexity of its unit cell (26 atoms 
per cell), the lattice thermal conductivity in Ca s Al 2 Sb 6 
approaches the minimum lattice thermal conductivity (-0.5 
W/mK) at the temperature corresponding to it’ s maximum zT 
(-1000 K). While nanostructuring may reduce k l at low tem- 
peratures in such materials by scattering long wavelength 
phonons, it is not expected to reduce the high temp k l beyond 
the minimum lattice thermal conductivity. The most straight- 
forward route to further reductions in k l at high temperature 
is to reduce the speed of sound. 

The speed of sound in a solid increases with a material’s 
stiffness, and decreases with density according to equations 1 
and 2. While the substitution of In for Al was motivated by the 
known difference in density, using speed of sound measure- 
ments, the inventors found that the stiffness also decreases 
upon substitution of the heavier In atoms. (Table 2). Thus, the 
observed 1 0% speed of sound reduction in Ca 5 In 2 Sb 6 is due to 
both increased density and decreased stiffness. 


TABLE 2 



P 

G 

K 

v 5 

v z 


g/cm 2 

GPa 

GPa 

m/s 

m/s 

Ca 5 In 2 Sb 6 

4.90 

22 

38 

2115 

3710 

Ca 5 Al 2 Sb 6 

4.31 

26 

41 

2440 

4170 
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TABLE 2 -continued 



The thermal conductivity (FIG. 40a) was calculated from 
thermal diffusivity (D) according to k=C D d, where d is the 
geometric density, and C is the Dulong Petit heat capacity. 
Although it is common to use the Dulong Petit value above 15 
©£,, this usually leads to an underestimate of the true thermal 
conductivity, particularly at high temperatures. The elec- 
tronic component of the thermal conductivity is estimated 
from the Wiedemann Franz relation (ic e =LT/p), where the 
Lorenz number (L) is determined using the SPB model 20 
described above (Inset in FIG. 40 b). At temperatures beyond 
the onset of minority carrier activation, the Lorenz numbers 
were determined by extrapolation. Subtracting the electronic 
contribution from k leaves both the lattice and bipolar terms, 
shown in FIG. 40 b. In the undoped and lightly doped 25 
Ca 5 In 2 Sb 6 , the bipolar term manifests itself as a rise in ther- 
mal conductivity at high temperatures. This occurs at lower 
temperatures and to a greater extent in Ca 5 In 2 Sb 6 than in 
Ca 5 In 2 Sb 6 , further evidence that the band gap of the former is 
the narrower of the two. In the most heavily doped samples 30 
there is little evidence of a bipolar contribution. In these 
samples it can be seen that the lattice thennal conductivity is 
approaching the minimum lattice thermal conductivity of 
Ca 5 In 2 Sb 6 , shown as the dashed curve in FIG. 40 b. At 700 K, 
the difference in k z between Ca5Inj 9 Zn 0 ^Sbg and 35 
Ca 5 Alj 9 Zn 0 jSb 6 is approximately 10%, consistent with the 
difference in their sound velocities. 

Figure of Merit 

The figure of merit of Ca 5 In 2 _ T Zn T Sb 6 is shown as a func- 
tion of temperature in FIG. 41 . At 900 K, the maximum zT is 40 
slightly less than 0.6 in the x=0.05 sample. Although 
Ca 5 In 2 Sb 6 has higher mobility and lower lattice thermal con- 
ductivity than the A1 analogue, ifs smaller band gap causes 
detrimental electronic and thermal effects, ultimately leading 
no improvement in the peak zT. To determine the optimal 45 
carrier concentrations required for maximum efficiency in 
Ca 5 In 2 Sb 6 , the dependence of the Seebeck coefficient, mobil- 
ity, and Lorenz number on n were calculated using the SPB 
model described above. From these, zT is obtained as a func- 
tion of n at various temperatures, as shown by the solid curves 50 
in FIG. 42 . The parameters used in this model were calculated 
from data obtained from the x=0.05 sample, and include the 
effective masses described in FIG. 39 , k l of 1.2, 0.9, and 0.7 
W/mK, and intrinsic mobilities of 7.6, 6.9, and 5.3 cm 2 /V s at 
300, 500 and 700 K, respectively. This model predicts an 55 
optimum carrier concentration in the low 10 2O ’s at high tem- 
perature, in agreement with the inventors’ experimental 
results. The undoped sample has not been included at 700 K, 
as the single band model does not account for minority carrier 
effects. 60 

Conclusion 

In Zn-doped Ca 5 In 2 Sb 6 , both the speed of sound and mini- 
mum lattice thennal conductivity are found to be reduced 
relative to Ca 5 Al 2 Sb 6 . Ca 5 In 2 Sb 6 analogue was also found to 
have superior electronic mobility. Flowever, the band gap 65 
decreases upon substitution of In for Al, leading to a lower 
Seebeck coefficient at high temperatures, and a large bipolar 
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contribution to the thennal conductivity. Doping Ca 5 In 2 Sb 6 
with Zn allows for direct control of the transition from non- 
degenerate to degenerate semiconducting behavior, provid- 
ing a route to carrier concentration optimization. Ultimately, 
a maximum zT of just under 0.6 was achieved at 900 K in 
optimally doped Ca 5 In 2 Sb 6 . 

Details: Ca 5 Ga 2 Sb 6 

Preliminary results have been obtained on the thermoelec- 
tric properties of Zn-doped Ca 5 Ga 2 Sb 6 . Synthesis of Ca 5 
Ga 2 _ x Zn x Sb 6 (x=0, 0.05, 0.1, 0.2, 0.3) samples was analogous 
to that described for Ca 5 In 2 Sb 6 . Flowever, samples begin to 
decompose at around 700 C, so transport measurements have 
only been performed to 600 C. 

Undoped Ca 5 Ga 2 Sb 6 behaves as an intrinsic, small band 
gap semiconductor, with resistivity and Seebeck coefficient 
decreasing with temperature. As shown in FIG. 43, doping 
with Zn resulted in the predicted carrier concentration 
(dashed curve) up to x=0.2, beyond which the measured hole 
concentration was lower than predicted. 

With increasing Zn content, Ca 5 Ga 2 _ v Zn v Sb 6 exhibits 
decreasing resistivity and Seebeck coefficients. The most 
heavily doped samples are degenerate semiconductors with 
linearly increasing Seebeck coefficients and resistivity. The 
resistivity of Ca 5 Ga 2 _ T Zn T Sb 6 (x=0, 0.05, 0.1, 0.2, 0.3) is 
shown in FIG. 44 as a function of temperature. Seebeck 
coefficients are shown in FIG. 45 as a function of temperature. 

Both the slope of the resistivity and the magnitude and 
temperature at which the Seebeck coefficient rolls over can be 
used to estimate the band gap of Ca 5 Ga 2 Sb 6 . Both estimates 
predict a band gap that is smaller than that of both Ca 5 Al 2 Sb 6 
and Ca 5 In 2 Sb 6 . 

The thermal conductivity was calculated from thermal dif- 
fusivity (D) according to K=C p D d, where d is the geometric 
density, and C p is the Dulong Petit heat capacity. The elec- 
tronic component of the thennal conductivity is estimated 
from the Wiedemann Franz relation (K e =LT/p), where the 
Lorenz number (L) is determined using the SPB model 
described in the above Na-doped Ca 5 Al 2 Sb 6 section. Sub- 
tracting K e from the total thermal conductivity gives the lattice 
thennal conductivity, K z , shown in FIG. 46 . Preliminary 
results indicate that the lattice thermal conductivity of 
Ca 5 Ga 2 Sb 6 is similar to that found in Ca 5 Al 2 Sb 6 . However, 
Ca 5 Ga 2 Sb 6 has a larger bipolar term, and does not reach its 
glassy minimum before beginning to decompose. 

Example 1 1 

Experiments II Ca 3 AlSb 3 : an Inexpensive, 
Non-Toxic Thennoelectric Material for Waste Heat 
Recovery 

Introduction 

The thennoelectric efficiency of a material is governed by 
its thennoelectric figure of merit, or zT (zT=a 2 T/px). There- 
fore, a material suitable for thermoelectric applications must 
have a large Seebeck coefficient (a), low resistivity (p) and 
low thermal conductivity (k). This combination of properties 
is difficult to obtain due to the strongly coupled nature of a, p , 
and the electronic component of k [ 1 ] . The lattice component 
of the thermal conductivity is generally considered to be the 
most decoupled property in zT, and is therefore often the 
focus of thennoelectric research. A trend between low lattice 
thennal conductivity and stnrctirral complexity has led to a 
particular interest in materials with complex crystal strac- 
tirres [2-4]. 

Widespread use of thennoelectric energy generation is lim- 
ited both by low efficiency, and by the expense and toxicity of 
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current thermoelectric materials (e.g. PbTe) [5]. Zintl com- 
pounds are a potential source of environmentally benign, 
inexpensive materials, due to the large variety of allowed 
chemical substitutions [2, 6, 7] and the Earth-abundance of 
some of the most common constituents. Zintl compounds are 5 
composed of electropositive cations that donate electrons to 
the more electronegative anions, which must in turn form 
covalent bonds to satisfy valence [8, 9]. The resulting mix of 
ionic and covalent bonding frequently leads to complex crys- 
tal structures with large unit cells. Good thermoelectric per- to 
formance is generally found in heavily doped semiconductors 
with carrier concentrations on the order of 10 19 to 10 21 carri- 
ers/cm 3 [ 1], It is therefore important to be able to control 
carrier concentration in Zintl compounds via doping. This has 
been successfully demonstrated in several Zintl antimonides 15 
including Ca 5 Al 2 Sb 6 , andY13 14 AlSb n , [10-13], 

Within the A 3 AlSb 3 compounds (A=alkaline earth metals), 
two structure types are known; Ca 3 InP 3 (Pnma) and 
Ba 3 AlSb 3 (Cmca). Ca 3 AlSb 3 forms in the Ca 3 InP 3 structure 
type, composed of infinite chains of comer-sharing AlSb 4 20 
tetrahedra (FIG. 14 ) [14]. In contrast, the Ba 3 AlSb 3 structure 
type contains isolated pairs of edge-sharing AlSb 4 tetrahedra, 
yielding Al e Sb 6 anionic units [ 1 5, 1 6] . In both structure types, 
the A ions are situated between the tetrahedra moieties and 
provide overall charge balance. 25 

Within the Zintl formalism, Ca 3 AlSb 3 can be expressed as 
Ca 3 +2 Al 1 ~ 1 Sb 2 _2 Sb 1 _1 , treating A1 as part of the covalent 
anionic substructure. The aluminum atoms are bound to four 
antimony atoms, and therefore have an oxidation state of -1 . 
Within the chains of AlSb 4 tetrahedra, the antimony atoms 30 
that are shared between two tetrahedra have two bonds and 
can be considered to have an oxidation state of -1. The 
remaining antimony have only one bond, corresponding to an 
oxidation state of -2. Situated between the chains are Ca +2 
ions, which provide overall charge balance. The fomial oxi- 35 
dation states given here are a convenient construct, however, 
the actual extent of charge transfer is determined by elec- 
tronegativity and the degree of ionic or covalent bonding. 
Treating A1 as a cation yields the same conclusion; namely, 
Ca 3 AlSb 3 is charge balanced. 40 

Inspired by previous investigation of the thermoelectric 
properties of sodium-doped Ca 5 Al 2 Sb 6 t 13], this work 
focuses on the high temperature thermal and electronic prop- 
erties of Ca 3 _ T Na,AlSb 3 (x=0, 0.03, 0.06, and 0.15). In addi- 
tion to transport measurements, this study employs a combi- 45 
nation of classic transport theory and electronic structure 
calculations to improve understanding of the relationship 
between chemical bonding and transport in Ca 3 AlSb 3 . The 
structure of Ca 3 AlSb 3 is similar to Ca 5 Al 2 Sb 6 in that both are 
composed of infinite parallel chains of AlSb 4 tetrahedra. 50 
Compared with Ca 3 AlSb 3 , the relative deficiency of Ca in 
Ca 5 Al 2 Sb 6 leads to fewer electrons, therefore requiring cova- 
lent Sb — Sb bonds to fulfill valance balance. These additional 
bonds link the parallel chain moieties together, resulting in 
ladder-like structures, in contrast to the isolated chains of 55 
Ca 3 AlSb 3 . Beyond Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 , a variety of 
structure types with distinct tetrahedra moieties exist within 
the A 3 MPn 3 and A 5 M 2 Pn 6 compounds, offering further 
opportunities for developing structure-property relationships 
in Zintl compounds [8, 9, 17]. 60 

Example 12 
Synthesis 

65 

Bulk, polycrystalline Ca^Na^AlS^ (x=0, 0.03, 0.06, 
0.15) samples were prepared by ball milling followed by hot 
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pressing. Starting with 99.99% pure Ca dendrites from 
Sigma-Aldrich, and from Alpha Aesar: 99.95% Na chunks, 
99% A1 shot, and 99.5% Sb lumps, the elements were loaded 
into stainless-steel vials with stainless-steel balls in an argon- 
filled glove box. The reagents were milled for 90 minutes 
using a SPEX Sample Prep 8000 Series Mixer/Mill. The 
resulting fine powder was hot pressed in high density graphite 
dies (POCO) using 1.2 tons of force on a 12 nun diameter 
surface. A maximum temperature of 973 K for two hours in 
aigon was used during hot pressing, followed by a stress-free 
anneal at 873 K and a three hour cool down under vacuum. 
Care was taken in every step to avoid oxidation of the powder. 

Example 13 
Characterization 

The polycry stalline ingots resulting from hot pressing were 
sliced into disks 1 nun thick and 1 2 nun in diameter. X-ray 
diffraction (XRD) measurements were performed on pol- 
ished slices using a Philips XPERT MPD diffractometer oper- 
ated at 45 kV and 40 mA, and Rietveld analysis was per- 
formed using Philips X’Pert Plus software. XRD analysis and 
scanning electron microscopy using a Zeiss 1550 VP SEM 
was used to determine phase purity. Microprobe analysis with 
wavelength dispersive spectroscopy (WDS) using a JEOL 
JXA-8200 system was used to determine sodium content. 
Elemental A1 and Sb, NaAlSi 3 0 8 , and CaAl 2 Si 2 O g were used 
for the Al, Sb, Na, and Ca standards, respectively. The high 
temperature electronic properties were characterized to 1073 
K under dynamic vacuum at the Jet Propulsion Laboratory; 
electrical resistivity was determined using the Van der Pauw 
technique, and the Hall coefficient was measured with a 1 .0 T 
field and pressure-assisted contacts. Details of the Seebeck 
coefficient measurements can be found in ref. [ 1 9] . A Netzsch 
LFA 457 was used to measure thermal diffusivity to 1073 K 
and the heat capacity was estimated using the method of 
Dulong-Petit. 

Example 14 

Electronic Structure Calculations 

Electronic structure calculations were performed in the 
Vienna Ab-initio Simulation Package (VASP) [20, 21]. For 
the exchange and correlation the Perdew-Burke-Enzerhof 
generalized gradient approximation (PBE-GGA) [22] func- 
tional was used in the projector augmented-wave (PAW) for- 
malism [23]. The experimental lattice constants and atom 
positions reported by Cordier et al . were used as input [ 1 4] . A 
k-point grid of 5x15x5 and an energy cutoff of 450 eV were 
necessary to converge the total energy to within a few meV. 

In addition to the density of states and band structure, the 
inventors present real-space analysis of the bonds in the struc- 
hire. The electron density difference (EDD) employed here is 
the difference between the electron density of the crystal and 
the overlapping, non-bonding, atomic electron densities (pro- 
crystal) [24], The procrystal electron density is obtained by 
super-position of the electron density of the respective atoms 
in vacuum. For both the crystal and the procrystal, all-elec- 
tron densities were regenerated after the initial run. 

Example 15 
Results and Discussion 

Ball milling of elemental reagents followed by hot pressing 
resulted in samples with densities in excess of 95%. X-ray 
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diffraction (XRD) patterns of each polycrystalline sample 
(x=0, 0.03, 0.06, 0.1 5) are shown in FIG. 15. As the ionic radii 
of Na +1 and Ca +2 are nearly identical, no change in lattice 
parameter is expected from doping. XRD patterns were sub- 
ject to Rietveld refinement using the known structures of 5 
Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 . FIG. 15a shows the Ca 3 AlSb 3 and 
Ca 5 Al 2 Sb 6 components of the Rietveld fit for the x=0 sample, 
as well as a difference profile. All compositions were found to 
contain approximately 10 wt. % of the closely related 
Ca 5 Al 2 Sb 6 phase, possibly due to inadvertent Ca deficiency. 10 
Cordier et al. have also reported Ca 5 Al 2 Sb 6 as a secondary 
phase in their efforts to synthesize pure Ca 3 AlSb 3 t 14], 

SEM images of polished and fracture surfaces of the 
x=0.06 sample are shown in FIG. 16. Scanning electron L - 
microscopy confirms the high density of the samples and 
reveals grains with diameters of approximately 1 pm. The 
small grain size may be due to the presence of Ca 5 Al 2 Sb 6 
impurity phase pinning grain boundaries during growth or the 
relatively low hot-pressing temperature (973 K). 20 

Microprobe analysis with wavelength dispersive spectros- 
copy (WDS) was used to identify impurity phases and to 
determine the average sodium content of each sample. WDS 
confirmed the presence of approximately 1 0 volume % of the 
Ca 5 Al 2 Sb 6 impurity phase in all samples, while also revealing 25 
a sodium-rich impurity phase in the x=0.15 sample. Where 
present, both impurity phases appear as approximately 1 pm 
grains, evenly distributed within the Ca 3 AlSb 3 majority 
phase. FIG. 17 shows the concentration of sodium obtained 
from WDS versus synthetic sodium content. The unfilled 30 
symbols represent the average sodium concentration of each 
sample (including both impurity phases), obtained using a 
spot size of 30 pm averaged over 25 points on each sample. 
The deviation of the average sample sodium content from 
expected composition is attributed to sodium loss during syn- 35 
thesis. The filled symbols show the sodium content of the 
matrix, which consists of the Ca 3 AlSb 3 and Ca 5 Al 2 Sb 6 
phases. The large discrepancy between the average and 
matrix sodium concentration for the x=0. 1 5 sample is due to 
the formation of the sodium rich impurity phase which makes 40 
an estimated 5 to 10 volume % of the sample. The formation 
of this phase suggests that the solubility limit of sodium in 
Ca 3 AlSb 3 has been reached, and that a different dopant will 
be necessary to reach higher carrier concentrations. 

Electronic Transport Properties 45 

From the Zintl valence-counting fonnalism, nominally 
undoped Ca 3 AlSb 3 is expected to be an intrinsic semiconduc- 
tor. In practice, extrinsic defects lead to a measured Hall 
carrier concentration (n^l/R^) of 10 18 h+/cm 3 at room 
temperature. The room temperature n H versus microprobe 50 
sodium content is shown in FIG. 18. The carrier concentration 
expected from simple charge counting, assuming that each 
sodium atom contributes one free hole, is shown as a dashed 
line. Comparing the measured carrier concentrations to those 
predicted from charge counting, one finds that the experimen- 55 
tal n H is significantly less than predicted. This is analogous to 
the low doping effectiveness observed in sodium doped 
Ca 5 Al 2 Sb 6 t 13]. 

FIG. 19 illustrates the temperature dependence of n^. 
Nominally undoped. Ca 3 AlSb 3 exhibits increasing carrier 60 
concentration due to carrier activation beginning at 500 K. 

For the sodium doped samples, n H remains constant with 
temperature to approximately 800 K, indicative of extrinsic 
doping. The abrupt increase in carrier concentration beyond 
800 K may be due to activation of minority carriers across the 65 
band gap, an increase in majority carrier concentration due to 
dopant solubility variation, or a phase change. 
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The Hall mobility as a function of temperature, calculated 
from measured R^ and resistivity (p), is shown in FIG. 20. 
Matthiessen’s rule approximates electronic mobility as the 
reciprocal sum of multiple mobility terms, each having an 
independent scattering mechanism 



Generally, one scattering mechanism limits the total mobility 
at extreme temperature ranges. In Ca 3 AlSb 3 , the mobility 
increases with temperature up to 600 K, possibly due to 
activation barriers such as oxide layers at the grain bound- 
aries. Such an activated mobility would exhibit an expo- 
nential temperature dependence (\i=\\. 0 e EAlKKbT ). 

At high temperatures, mobility is generally limited by 
acoustic phonon scattering, for which the temperature depen- 
dence is given by the power law, |%ocT v , where v is 1.5 for 
nondegenerate semiconductors and 1 for degenerate semi- 
conductors [25], A power law fit to the high temperature 
mobility data shown in FIG. 20 results in an exponent larger 
than 1.5. This may be related to the abrupt increase in carrier 
concentration above 800 K observed in FIG. 1 9, or a tempera- 
ture dependent effective mass. 

The temperature dependence of the resistivity (FIG. 21) 
follows from the carrier concentration and mobility (p=l/ 
nep). At high temperature, the resistivity of the nominally 
undoped sample exhibits an exponential decrease due to car- 
rier activation across a band gap (FIG. 21, inset). A band gap 
of ~0.6 eV was estimated from the slope of the resistivity in 
this presumably intrinsic high temperature regime 
(p=ce £s/2K7 ).) This is similarto the band gap observed in both 
Yb 14 AlSb n (0.5 eV) and in Ca 5 Al 2 Sb 6 (0.5 eV). Doping 
Ca 3 AlSb 3 with sodium results in reduced resistivity due to 
increased carrier concentration. For the undoped and doped 
compositions, the negative slope of the resistivity at low 
temperatures is due to the increasing mobility in that tem- 
perature range. From 600-800 K, the resistivities of the 
sodium doped samples begin to increase with temperature as 
is expected for a degenerate semiconductor with mobility 
limited by phonon scattering. However, above 800 K, this 
trend is reversed, and the resistivity begins to decrease again 
due to the carrier activation discussed above. 

FIG. 22 illustrates the effect of doping on the Seebeck 
coefficients measured at 700 K. The Seebeck coefficients are 
large and positive, consistent with the relatively low carrier 
concentrations revealed by Hall effect measurements. As 
expected, increasing carrier concentration leads to a decrease 
in Seebeck coefficient. Solutions to the Boltzmann transport 
equation within the relaxation time approximation have been 
used to model the relationship between carrier concentration 
and the Seebeck coefficient via the reduced chemical poten- 
tial, r| (Equations 1 and 2). [26, 27] The full expression forthe 
Fermi integral, F^. (r|) is given in equation 3, where E, is the 
reduced carrier energy. Here, it is assumed a single carrier 
type is dominant, allowing use of a single parabolic band 
(SPB) model, and it is assumed X=0 (acoustic phonon scat- 
tering). 


Kt q + XW^rj) i (lj 
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-continued 


(2m*k b T\’ 12 
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This model was employed at 700 K because in this tem- 
perature regime acoustic phonon scattering becomes the 
dominant scattering mechanism, and extrinsic carriers still 
dominate electronic transport. An effective mass of 0.8 m e 
was calculated for this temperature using the measured a and 
n H from the x=0.06 sample in equations 1-3. This effective 
mass was used to generate a Pisarenko curve at 700 K, shown 
as the dashed line in FIG. 22 . All of the samples fall on or near 
this curve, suggesting that the effective mass remains fairly 
constant within this carrier concentration range. 

The trends in Seebeck coefficient as a function of tempera- 
ture are shown in FIG. 23. The Seebeck coefficient of the 
nominally undoped sample peaks at 650 K, at which point 
thermally activated electrons cause a reduction in thermo- 
electric voltage, and a decaying Seebeck coefficient results. 
Samples with x=0.03-0.15 exhibit increasing Seebeck coef- 
ficients to high temperature, as expected for extrinsic semi- 
conductors. At 1000 K, the x=0.06 sample appears to peak at 
260 (xV/K. From this, a band gap of 0.5 eV is estimated using 

E g = 2ea ma J max [28]. 

Electronic Structure Calculations 

Density functional theory calculations (DFT) are used here 
to gain a better understanding of electronic behavior in this 
compound and to guide chemical strategies for further opti- 
mization. The band structure of Ca 3 AlSb 3 is shown in the top 
panel of FIG. 24, while the bottom panel displays only the top 
of the valence band. Centered at the F point, the valence band 
edge contains two asymmetric, overlapping bands which give 
the appearance of nested, parabolic light and heavy bands, as 
well as an offset band with a maximum at -0. 1 3 eV. Parabolic 
fits are used to estimate the band masses of the effective light 
and heavy bands, as well as the offset band. The blue, yellow 
and green curves in the bottom panel of FIG. 24 are parabolas 
with effective masses of 0.15, 0.75, and 0.9 m e respectively. 
The most heavily doped sample in this study has a carrier 
concentration of 4xl0 19 h + /cm 3 , corresponding to a Fermi 
level of approximately -0.1 eV below the valence band edge. 
This suggests that the doped samples in this study have ener- 
gies spanning the three highlighted bands at the top of the 
valence band. The electronic transport data reported here is 
reasonably well described by a single parabolic band model 
(FIG. 22). However, from FIG. 24, one might expect to 
observe a carrier concentration dependent effective mass. In 
particular, by doping to higher carrier concentrations (>5x 
10 19 lTVcm 3 ) to probe deeper into the valence band, a larger 
effective mass and non-SPB behavior may result, due to the 
ever-increasing influence of the offset band (highlighted by 
the green curve in FIG. 24). This would be similar to the 
off-set band behavior observed in La 3 Te 4 [29]. 

The traditional quantum mechanical description of cova- 
lent bonding is characterized by charge build-up between 
atoms. Thus, an intuitive approach to locating covalent bonds 
is to determine the location of increased electron density. This 
approach is pursued here, through post-processing of DFT 
calculations, which aids in the visualization of electron den- 
sity reorganization. Electron density difference (EDD) maps 
have been generated by subtracting the super-positioned, 
non-interacting, atomic electron densities (procrystal) from 
the calculated electron density of Ca 3 AlSb 3 t 24]. EDD line- 


32 

scans, shown in FIG. 25, illustrate the charge accumulation 
and depletion along both A1 — Sb and Ca — Sb bonds. Part a) 
shows an A1 — Sb bond forming the backbone of a tetrahedra 
chain (green curve) and two distinct A1 — Sb bonds perpen- 
5 dicular to the chain (blue and orange curves). Symmetric 
accumulation of electron density between the atoms indicates 
that the A1 — Sb bonds have covalent character, consistent 
with our understanding of bonding within the Zintl construct. 
This electron accumulation shows surprising symmetry, con- 
10 sidering the large disparity in electronegativity of A1 and Sb. 
In contrast, representative Ca — Sb line scans, shown in FIG. 
25 b, exhibit significant asymmetry in charge distribution, 
with the principle charge build-up nearer to the Sb side. EDD 
15 line scans of SrZn 2 Sb 2 have shown similar features [30]. To 
further illustrate the bonding environment in Ca 3 AlSb 3 , EDD 
isosurfaces in FIG. 26 depict (a) charge accumulation and (b) 
depletion. Charge build-up at the mid-point between the A1 
and Sb atoms, indicative of covalent bonding, is readily 
20 observed. 

As discussed above in reference to FIG. 24, the effective 
mass at the band edge is fundamental to electron transport. To 
engineer transport properties in this material, it is therefore 
important to have some understanding of the character of the 
25 valence band edge. Density of states calculations (DOS) 
(FIG. 27) indicate that Sb p states are a major component of 
the valence band edge, analogous to the calculated density of 
states for the AZn 2 Sb 2 Zintl antimonides [30], The isosur- 
faces in FIG. 26r illustrate the electron charge density at a 
30 specific energy near the valence band edge (-0.1 eV). The 
electron charge density is highest around the Sb sites, where 
oriented donut-like isosurfaces form, suggesting hole trans- 
port, and therefore hole mobility, is centered around the tet- 
rahedral Sb, as has been found in the structurally related 
35 A 14 M Pnu [31]. It is interesting to note that the light bands 
shown in the DOS span the T-Y, T-Z, and T-T directions, 
corresponding to the y-z plane containing the donut-like 
charge density isosurfaces. 

Thermal Transport Properties 

40 Thermal diffusivity was measured to 1 073 K. The thermal 
conductivity was calculated using K=DpC p where D=thermal 
diffusivity, p=density, C p =heat capacity. Here, the geometric 
density and the Dulong-Petit approximation to the heat 
capacity (C =0.34 J/gK) are used. Total thermal conductivity, 
45 shown in FIG. 28a, is a combination of lattice, electronic, and 
bipolar contributions (K toM/ =K / +K e +K B ). The Wiedemann- 
Franz relation 



is used to estimate the electronic contribution to the thermal 
conductivity. Temperature dependent Lorenz numbers (L) 

55 were calculated within a single parabolic band approxima- 
tion using Eq. 4, assuming a mobility limited by acoustic 
phonon scattering. The reduced chemical potential, r| was 
calculated from experimental Seebeck coefficients. 

60 

L f kb t 2 3/ r 0 (?7j/ r 2(?7j - 4/4 (rj) 2 (4) 

l e ) F 0 (rj) 2 

65 In both doped and undoped Ca 3 AlSb 3 , v e is nearly zero, 
due to the relatively high electrical resistivity. Subtracting K e 
from K. tota/ leaves the lattice and bipolar contributions (FIG. 
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28 b). There appears to be a significant bipolar contribution at 
temperatures above 900 K in the undoped material, while tq is 
the dominant contribution in the doped samples. The tem- 
perature dependence of tq is well described by the 1/T rela- 
tionship expected for Umklapp scattering (solid curve). Dop- 5 
ing with sodium does not result in a significant change in 
lattice thermal conductivity, as might be expected for low 
dopant concentrations and small mass contrast. 


Room temperature ultrasonic measurements of undoped 10 
Ca 3 AlSb 3 yield longitudinal and transverse speeds of sound 
of 4170 m/s and 2440 m/s respectively. From these, a mean 
speed of sound of 27 1 0 m/s and an effective Debye tempera- 
ture of 261 K are calculated using Eq. 5 and Eq. 6. 


1 + 2vr 3 


0o : 


tl 1 67F 


k b V 


(5) 

(6) 

20 


An estimate of the lower bound for the lattice thermal 
conductivity can be made using Eq. 7, where the sum is over , - 
three vibrational modes (one longitudinal and two transverse) 
and where © ! =v i (h/k 4 )(6jt 2 /V) 1/3 . Because this model 
assumes a minimum scattering length as a function of phonon 
frequency, this is tenned the glassy limit of the thermal con- 
ductivity [32]. 30 


:K ,1/3 K b 
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xV 
(e* - l) 2 


dx 


(7) 
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At high temperature, tq approaches the predicted glassy 
limit. This low lattice thermal conductivity is most likely a 
result of the complex crystal structure and large unit cell size 4(j 
of Ca 3 AlSb 3 . With 28 atoms per unit cell, the phonon disper- 
sion of Ca 3 AlSb 3 has a large number of relatively flat optical 
modes, and therefore, the vast majority of the heat capacity is 
contained in near-zero group velocity modes which contrib- 
ute minimally to the lattice thermal conductivity. 45 

Figure of Merit 

The figure of merit of the x=0-0.06 compositions, calcu- 
lated from the high temperature results presented above, are 
shown in FIG. 29. The x=0. 1 5 data is not included here, due 5Q 
to the significant presence of the sodium-rich impurity phase. 

A maximum zT value of 0.8 is obtained at 1050 K for the 
samples with x=0.03 and x=0.06. In FIG. 30 , the experimen- 
tal zT versus carrier concentration is compared to a single 
parabolic band model (dashed line). The inventors have again 55 
focused on transport at 700 K to avoid error associated with 
activated carriers at higher temperatures and to clearly be in a 
regime where transport is limited by phonon scattering. The 
measured Seebeck coefficient and carrier concentration of the 
x=0.06 sample were used as inputs in Eq. 1 and Eq. 2 to 60 
calculate an effective mass of 0.8 m e , as described above. Eq. 

4 determines the carrier concentration dependence of the 
Lorenz number, while a constant lattice thermal conductivity 
(0.78 W/mK) is used. Eq. 8 is used to determine the carrier 
concentration dependence of the mobility where p 0 =15 cm 2 / 65 
Vs is calculated from the mobility and reduced chemical 
potential (r|) of the x=0.06 sample at 700 K. 


* j, 2 Fa.W W 

m _W) 2ni+A )F ll2 (n) 


The maximum carrier concentration obtained experimen- 
tally, 4xl0 19 holes/cm 3 , is close to the optimum carrier con- 
centration of 5x 1 0 1 9 holes/ cm 3 predicted by the model at 7 00 
K. However, the maximum zT of this material occurs at 
higher temperatures, at which point lightly doped material is 
susceptible to reduction in thermoelectric voltage due to 
minority carrier activation. A single parabolic band model 
does not take carrier activation into account, and therefore, 
while accurate at 700 K, likely underestimates the optimum 
carrier concentration for a maximum zT at higher tempera- 
tures. This, in addition to the likelihood of a heavy band 
located near -0.13 eV, suggest that higher carrier concentra- 
tions will result in higher zT values than reported here. 

Example 16 

Conclusion 

The exploration of complex Zintl compounds 
(Yb 14 MnSb n , CaZn 2 Sb 2 , Ba 8 Ga 16 Ge 30 , CsBi 4 Te 6 , 
Ca 5 Al 2 Sb 6 ) [10-13, 26, 30, 33] continues to reveal good 
thennoelectric materials, with properties that can be readily 
rationalized through simple chemical principles. Here, the 
inventors have described a new thermoelectric material, 
Ca 3 AlSb 3 , a p-type semiconductor composed of Earth-abun- 
dant, non-toxic elements. Electronic structure calculations 
suggest that the valence band edge is effectively two nested 
parabolic bands, which are dominated by Sb p states. Carrier 
concentration control has been achieved by substituting Ca +2 
with Na* 1 . High temperature transport properties canbe mod- 
eled with parabolic bands and acoustic phonon scattering of 
charge carriers to guide further optimization of the material. 
The lattice thermal conductivity is found to approach the 
glassy minimum at high temperature (0.6 W/mK at 1050 K), 
behavior attributed to a complex unit cell. The combination of 
low lattice thennal conductivity and a sufficiently large band 
gap to maintain degenerate behavior at high temperature 
leads to a zT of 0.8 at 1 050 K, with higher zT likely at higher 
carrier concentrations. 


Example 17 

Identifying Additional Zintl Compounds 

The inventors can take advantage of two underutilized 
strategies in the field of thermoelectrics — crystalline com- 
plexity for low lattice thermal conductivity, and high band 
degeneracy for enhanced power factor. 

In order to investigate selected Zintl compounds that have 
not yet been studied for thermoelectric applications, a 
3-tiered selection process can be employed. Using chemical 
intuition as a foundation, the inventors select crystal struc- 
tures with potential for both intrinsically low lattice thennal 
conductivity, and good electronic transport. To guide the nar- 
rowing of this pool of candidates, electronic structure calcu- 
lations can be used to estimate the band degeneracy, band 
mass, and band gap . F inally, the most promising materials can 
be studied experimentally; if the properties predicted by both 
chemistry and electronic structure calculations are con- 
finned, thermoelectric optimization can be pursued through 
doping. 
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As previously disclosed herein, Zintl compounds are a 
class of intermetallics characterized by highly electronega- 
tive cations, which donate electrons to covalently bound, 
anionic substructures. The prevalence of complex crystal 
structures in Zintl compounds arises from their need to satisfy 
valence requirements through the formation of covalent sub- 
structures. As discussed above, such complexity leads to 
extremely low lattice thermal conductivity due to confine- 
ment of heat in low velocity, optical phonon modes, as well as 
additional opportunities for scattering events. Indeed, among 
bulk materials, Zintl compounds exhibit some of the lowest 
reported lattice thermal conductivities. The requirement that 
Zintl compounds must satisfy chemical-valence means that 
the Fermi level is always located at the band gap. Assuming a 
band gap exists, a Zintl compound should exhibit semicon- 
ducting behavior, and thus doping is required to tune the 
Fermi level. Complexity in Zintl compounds also leads to 
many available sites for doping or isoelectronic substitutions, 
and thus to extensive opportunities to tune transport proper- 
ties. 

As disclosed herein, Zintl compounds have emerged as 
promising candidates for thermoelectric applications due to 
their rich chemistry and exceptionally low lattice thermal 
conductivity. In the past decade, a number of complex Zintl 
phases with desirable thermal properties have been identified 
as promising thermoelectric materials. 
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Within this family of compounds, numerous unique crystal 
structures have been identified, but never further investigated. 
The inventors have focused on this largely untapped source of 
materials. As disclosed herein, bothCa 5 Al 2 Sb 6 and Ca 3 AlSb 3 
5 exhibit extremely low lattice thermal conductivity and prom- 
ising figures of merit (0.6 and 0.8 respectively). However, 
these are only a few out of a vast pool of unstudied Zintl 
compounds. 

While solid-state chemistry lias made enormous progress 
10 in identifying new crystal structures in the past few decades, 
the study of the transport properties of these new materials 
has not kept pace. With more crystal structures discovered 
every year, the number of unique structures to characterize far 
exceeds the capability of the field. From knowledge of the 
15 crystal structure alone, the following can be predicted: 

Lattice thermal conductivity from the density and unit cell 
complexity can be estimated. 

Bonding characteristics provide clues to a material’s 
potential mobility. Does the covalent substructure form 
., (| a connected path for transport? 

The band gap trends with electronegativity. Moving down 
the periodic table, band gaps shrink. 

Symmetry limits the maximum valley band degeneracy. 

The following is a list of Zintl compounds and homologous 
, - series. The information provided acts as a guide to the suit- 
ability of each material for thermoelectric applications, based 
on the selection criteria described above. 


TABLE 3 


Compound 

Covalent 

substructure 

atoms/ 

cell 

Space 

group 

Symmetry 

max 

valley 

Transport 

properties 

refs 

Sr 5 Al 2 Sb 6 

Curvy chains 

52 

P n m a 
(62) 

ortho. 

8 

no 


Ca 5 Sn 2 As 6 

Chains 

26 

P b am 

(55) 

ortho. 

8 

no 


Ba 3 GaSb 3 

Staggered pairs 

54 

Pnma 

(62) 

ortho. 

8 

no 


Sr 3 GaSb 3 

Spiral chains 

28 

Cmca 

(64) 

ortho. 

8 

no 


Ba 3 AlSb 3 

Aligned pairs 

28 

Cmca 

(64) 

ortho. 

8 

no 


Na 7 Al 2 Sb 5 

Kinked chains, 
comer and edge 
linked 

28 

P 1 21/m 
1(11) 

mono. 

4 

no 


Na 2 Al 2 Sb 3 

2D planes 
sandwiched 
between Na 
layers 

54 

P 1 21/c 
1(14) 

mono. 

4 

no 


Ba 3 Ga 4 Sb 5 

3D structure 
with 1 D tunnels 
for Ba 

48 

Pnma 

(62) 

ortho. 

8 

DOS, narrow 
band gap 


BaGa 2 Sb 2 

3D structure 
with ID tunnels 
for Ba 

40 

Pnma 

(62) 

ortho. 

8 

DOS, 0.35 eV 


Eu 7 Ga 6 Sb 8 

interconnected 

chains 

168 

P b c a 
(61) 

ortho. 

8 

DOS, 0.6 eV 


Sr 2 MnSb 2 

corrugated 2D 
layers 

60 

Pnma 

(62) 

ortho. 

8 

no 


Sr 3 Si 2 As 6 

Kinked chains, 
comer and edge 
linked 

18 

C 1 2/c 1 
(15) 

mono. 

4 

no 


Sr 3 Ge 2 As 4 

chains of 
pentagons 

36 

P 1 21/c 
1(14) 

mono. 

4 

no 


Eu 10 Mn 6 Sb 13 

Ba 8 In 4 Sb 16 

complex double 
layers 

Wide zig-zag 
chains 

58 

C 1 2/m 
1(12) 

mono. 

4 

small gap from 
transport 
DOS, 
transport, 
small gap 


Ba 2 In5As 5 

thick planes 

48 

Pnma 

(62) 

ortho. 

8 

DOS, 

transport, very 
small gap 

davis 
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In a number of compounds, the low temperature transport 
properties (p and cr) or the calculated electronic density of 
states (DOS) have already been reported. Die DOS and the 
temperature dependence of p and a can indicate whether or 
not a material has a band gap — a very important selection 5 
criterion. 
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What is claimed is: 

1. A Zintl compound of the formula A 5 B 2 C 6 , wherein A is 

selected from the group consisting of: Ca, Sr, and Ba; B is 

selected from the group consisting of: Al, In, Ga, and Sn; and 
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C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
adapted to be controlled by substituting either Na or K on the 
A site. 

5 2. A Zintl compound of the formula A 5 B 2 C 6 , wherein A is 

selected from the group consisting of: Ca, Sr, and Ba; B is 
selected from the group consisting of: Al, In, Ga, and Sn; and 
C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
111 adapted to be controlled by substituting either Mil or Zn on 
the B site. 

3. A Zintl compound of the formula A 5 B 2 C 6 , wherein A is 
selected from the group consisting of: Ca, Sr, and Ba; B is 
j 5 selected from the group consisting of: Al, In, Ga, and Sn; and 
C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
adapted to be controlled by substituting either Sn or Ge on the 
C site. 

0() 4 . A Zintl compound of the formula A 3 BC 3 , wherein A is 

selected from the group consisting of: Ca, Sr, and Ba; B is 
selected from the group consisting of: Al, In, Ga, and Sn; and 
C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
_, 5 adapted to be controlled by substituting an element selected 
from either Na or K on the A site. 

5. A Zintl compound of the formula A 3 BC 3 , wherein A is 
selected from the group consisting of: Ca, Sr, and Ba; B is 
selected from the group consisting of: Al, In, Ga, and Sn; and 

30 C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
adapted to be controlled by substituting an element selected 
from either Mn or Zn on the B site. 

6. A Zintl compound of the formula A 3 BC 3 , wherein A is 
35 selected from the group consisting of: Ca, Sr, and Ba; B is 

selected from the group consisting of: Al, In, Ga, and Sn; and 
C is selected from the group consisting of: P, As, Sb, and Bi, 
and wherein the compound has a carrier concentration 
adapted to be controlled by substituting an element selected 
, A from either Sn or Ge on the C site. 





